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Effect of doping B-NiOOH with Co
ter: DFT+U Calculations’

Francesca Costanzd?2

Physical Chemistry Chemical Physics

on the catalytic oxidation of wa-

Electrocatalytic water splitting using energy from suhtigepresents a promising strategy for clean, low-cost, emron-
mentally friendly production of bl Unfortunately, the oxygen evolution reaction (OER) at émede is kinetically slow and
represents the bottleneck of this process. TransitionImgtdes are good candidates for the anode in electrochénviizr
splitting. Inspired by recent computational work 8sNiOOH, which is considered the active phase during thegihgrand dis-
charging process in alkaline batteries, we performed tiehgictional theory calculations with the inclusion of tHebbard-U
correction on selected surfaces of pure and Co-d@hsllOOH to calculate the energetics of the OER. The goal optuger is
to investigate theoretically whether doping a NiOOH swefadth Co might change the mechanism and lower the overpatent
of the OER on a specific NIOOH surface, and to what extent théetof the surface unit cell may affect the results. Ourltssu
indicate that the most likely reaction mechanism depende®@amount of Co doping. We find that doping r&NiOOH surface
with only 25% Co decreases the overpotential from 0.28 t8 U.WVe also find that the theoretical overpotential, and Wisiep
is the potential limiting step, depends on the size of théaserunit cell selected in the calculations. This work higihtis how

optimizing the binding energies of the various intermesiatO,

reducing the overpotential.

1 Introduction

In the past decades, there has been considerable intetiest in
electrolysis of water in electrochemical cells. This pisee-

OH and KO) on the Ni and Co surface sites, may be key to

are not suitable for large-scale applications. OER catalys
containing 8 transition metals such as Fe, Co or Ni, which
are abundant elements, are therefore more convenient and ca
be made efficiently as recently demonstrated bt ‘and

sults in oxygen evolution at the anode and hydrogen evalutio coworkerd?.
at the cathode, providing hydrogen as a clean and susteinabl \iox has been used in lithium batterids!? and is known

carrier of solar energy Unfortunately, the oxygen evolution
reaction (OER) 2 HO — 4 H" + O, + 4 e (in acidic me-
dia) or 4 OH — 2 H,O + O, + 4 e (in basic media) is
kinetically slow, so that it is associated with energy losd &
currently represents the bottleneck in (photo)-electeodical
water splitting. It is therefore important to find a more ef-
ficient oxygen-evolving electrocatalyst in order to minzei

for being moderately activé=2% In a recent theoretical study
by Li and Sellon??, the energetic profile of the OER was stud-
ied with density functional theory with added on-site Conlp
repulsion (DFT+U), for selected surfaces of p@-eNiOOH
and Fe-dope@@-NiOOH. According to their results, in fair
agreement with experimerfts?4, Fe-doped3-NiOOH has a
very low overpotential (the calculated value was 0.27 V§l an

the energy loss. The reason why the OER is problemaltic igys \as the lowest computed overpotential among the sur-

that it involves four one-electron transfer steps, whichrast
materials are related to each other through scaling relatio
ships, making it difficult to reduce the overpotential foeth
rate limiting step without introducing an overpotentiat m-
other step=. Efforts to improve the efficiency of OER cata-

lysts®10 are focused on understanding the mechanism of th
oxidation of water on oxide surfaces and lowering the overpo

tential associated with the rate limiting step. Current QfaR
alysts contain often precious metilse.g. Ir and Ru, which
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RA, Leiden, The Netherlands; Email f.costanzo@unibo.it

faces considered.

As emphasized by Li and Selloi the composition and
the structure of the active phase of the NiOx phase under OER
conditions is not well known. The Bode’s diagraf{scheme

& in the paper of Li and SelloAf) shows that, during the

charging and discharging process in Ni alkaline battevias,
ious redox transformations can occur between Ni(©&hd
NiOOH. While Li and Selloni have argued that there is now
a consensus thg@-NiOOH is the active OER phas&!?:22
others concluded thattype NiOOH is the more active OER

phas&®26
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Co-doped NiOx materials might also be active OER cat-with experimental finding®. Despite these interesting and

alysts, as several recent experiments suggé&t Oshitani sometimes promising findings, the effect of Co-doping on the
et all® discovered that capacity stabilization of Ni elec- activity of B-NiOOH as an OER catalyst remains controver-
trodes, which prevents the formation of a&liOOH oxidized  sial. For example, Trotochaud et# performed experiments
state, can be achieved by the addition of the combination obn the NjCo,_yOx OER catalysts in the thin-film geometry to
Cd(OH), and Co(OH) to the Ni(OH) crystal. The addition avoid confounding effects associated with high-surfaea ar
of only Co(OH) leads to a lowering of the oxidation potential thick film architectures. They did not find any synergistie ef
of the Ni(OH) 6. In recent work, Sadiek et &P discovered fects between Co and Ni for the mixed oxide-catalysts films.
that the modification of glassy carbon, Pt and Au electrodes Inspired by these interesting and sometimes controversial
with mixed oxides of NiQ and CoQ promotes the OER when results, we want to shed light on a possible synergisticeffe
CoQy is deposited last. The composite electrode shows higlof doping aB-NiOOH with Co for the OER. Starting from the
catalytic activity, good stability and a reduced overptign  work by Li and Sellonf?, we study the OER mechanisms of
for the OER compared to the unmodified electrodes. In othethe OER or3-NiOOH and Co-dope¢B-NiOOH, considering
recent work, Liu et aPf® measured the highest specific capac-two different Co doping levels of the topmost layer of {Bie
itance to date for a nanostructured,8lo,_x(OH), composite  NiOOH surface, i.e. replacing 25% and 50% of the Ni atoms
by X-ray and scanning electron microscopy, suggesting thaih the layer exposed to the water, respectively. Anticipati
this type of compound holds promise as a potential electrodeur results, we find that, when the exposed layer of #he
materials in supercapacitors. Using two different Co-ase NiOOH surface is doped with 25% of Co, the OER activity
electrodes (LiCo@and LiCoPQ), they also found that the ac- can improve by more than 60%.
tivation of the LiCoPQ electrode is related to the amorphous Here, we investigate theoretically whether doping the
surface structure. Their work highlights that understagdi NiOOH surface with Co changes the mechanism and lowers
and controlling surface reconstruction is important fagcel the overpotential of the OER on a specific NIOOH surface,
trocatalyst developme#. and to what extent the answer to this result might be affected
Co and Ni have also recently been studied by Blaet ~ PY the choice of the surface unit cell size in calculationg W
al. as additives to a photocatalyst. They found that doping2dopt the same model of the NIOOH surface as recently cho-
a hematite (Fg0s) surface by partially replacing Fe with Co Sen by Liand Selloni, which makes comparison of our results
and Ni leads to a lower overpotential allowing for a ther- Straightforward.
modynamically more favorable reaction pathway. Recently,
Subbaraman et &f investige_lt.ed the importance of .the OH- 2 Method, computational details and model
M bond strength on @ transition metal hydr(oxy)oxide cat-
alys.ts for the activity of the catalyst for the OER, with M 2.1 Free energies calculations
= Ni, Co, Fe and Mn. They were able to correlate the ox-
ophilicity (M-OH bond strength) with the overpotential mea We use the method from Ngrskov and Rossniigh com-
sured for the OER using the catalyst. Finally, Bajdich et®al. pute the free energy diagrams of the OER mechanism. This
recently investigated water oxidation on several surfaté¢s method is based on the notion that the chemisorption energy
CoOOH, and the effect of doping surfaces with 25% Ni, usingof the reactants and intermediates is typically a good gescr
DFT+U calculations. They reported that the lowest overpo-tor of the activity of the catalytic surfaé@ It also has a good
tential is found on the (1) surface of CoOOH, and that this accuracy over computational cost ratio and allows us to com-
can be further lowered by Ni doping. For a CoOx surfacepare our results with several related studfe¥that are based
it was recently found that the activity of the high-indext@1  on the same approach. In this approach, the discussion of en-
surface shows activities that can explain the experiméndd  ergy barriers for the different elementary steps is retito
ings®334, due to the higher reactivity of the unsaturated metalthe barriers that come from differences of free energieb@f t
atoms in the former. The (AR), (10L4) and other high-index intermediates. Our analysis is focused on the thermocligmis
surfaces have not been directly observed yet, mainly becausf the reactions. However, it was established that the activ
the spectroscopic measurements have been of too low resoltien energy for dissociative chemisorption, depends liyea
tion so far. However, there are a number of strong indirecion the reaction enerd$+3 Several DFT studies have shown
indications that this surface forms. For example, sevéxal t that the Brgnsted-Evans-Polanyi relations also hold fanyma
oretical studies have shown that the more stable, lowesind surface reactiorf$-*4 which allows one to construct volcano
surfaces are practically inacti¥®3¢, which is in disagreement curves where the fundamental parameter is the dissociative
with the experiment finding€. Another example is th@-
NiOOH surface, investigated by Li et &, also showing ac-  a | eigen Institute of Chemistry, Gorlaeus Laboratories, P.O.Box 9502, 2300
tivities for the high-index surface that are in good agresme RA, Leiden, The Netherlands E-mail: f.costanzo@unibo.it
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chemisorption energy of the k& reactant species. Possi- which was sufficient to prevent interactions between péciod
ble deviations from this linear dependence are not consiler images of the slabs. This particuldfNiOOH surface shows
in our analysis at this stage, except for the insertion of@he a satisfactory convergence with respect to slab thickneds a
adatom in the lattice (reaction 1.2) and for the release ®f thit was already shown to have a very low overpotential for the
oxygen molecule (reactions 1.4 and 2.4), as reported in th©®ER when one Ni atom is replaced by%e The Brillouin-
Supporting Information. zone was sampled using thex® x 1 Monkhorst Pack type
The Ngrskov and Rossmeisl method allows one to deterof k-points, ensuring the convergence of the energy to within
mine whether the intermediate one-electron transfer i@act 0.0015 eV. The atoms in all the layers of the surface were
steps are thermodynamically favorable, which is a necgssaifree to move during the optimization of the structures. Ul-
(but not sufficient) criterion for the reaction to proceedkrei  trasoft pseudopotentials were used to treat the ion corles. T
the reaction free energy of each elementary step is caéclilat configurations of the valence electrons of Co, Ni and O were
as follows:AGo = AE + AZPE - TAS. The reaction energd  (3d®4sh), (3d%s!) and (2%?2p*), respectively. Spin polarized
is calculated using density functional theory (DFT) augtedn calculations were performed in order to account for the-pres
with the Hubbard (U) model, as further detailed in the folow ence of unpaired electrons in Co and Ni. Transition metal
ing section. The standard hydrogen electrode (SHE) is used 4TM) atoms, with their partially filledd-shells, are treated
a reference, so that the free energies of the proton'Gfind  improperly using DFT functionafé-52 based on the general-
the electron G[e] in each elementary step can be replacedized gradient approximation (GGA). In particular, the syo
by half the free energy of the hydrogen molecule, &[Hhi- Coulomb repulsion between the electrons indkehell leads
nus a contribution due to the bias of the electrode potentialto a significant 'self-interaction-error®. This error is mani-
U, versus the SHE (pH = @y = 1 bar, T = 29815 K) as fol-  festin the inability of DFT to properly reproduce the banplga
lows: 1/2G [H] —|e|U. The free energy of the Omolecule  of transition metal oxides. The application of GGA-DFT to
is expressed as GiP= 4.92 eV + 2 G[HO] - 2 G[Hy], in  the OER may also lead to large errors in the computed activity
accordance with the OER equilibrium under standard condi{n and binding energies of the intermediates to the surface)
tions. In the Narskov methd the free-energy change of the of OER catalyst®® and even to failure to predict the most fa-
total reaction of one water molecule,® — 1/2 O, + Hy, vorable reaction mechamisth A rather simple but efficient
is fixed at the experimental value of 2.46 eV to avoid DFTimprovement is based on the Hubbard m&64el’”. In this ap-
calculations of the energy of Qwhich electronic structure is proach, correlation effects in the electronic structurehef
not well described by DFT metho#46. Since the theoreti- TM oxide are reintroduced as a correction (+U) to the total
cal overpotential does not depend on pH, all the free energgnergy functional by including a repulsive Coulomb potainti
results are calculated at pH = 0. We used the same valugsto DFT in the GGA8. All results presented here are ob-
for AZPE,AH at 0 K and the change in entropy as used intained by GGA+U calculations. The effectite—J terms,
Ref.22 since we used the same set of computational parameere 5.5 and 3 eV for Ni and Co, respectively. This/alue
ters. TheAZPE andAS are calculated using DFT calculations to thed orbitals of the Ni atom results in a value for the lat-
of vibrational frequencies and standard tables for gasgha tice parameter for th8-NiOOH structure of 2.94 in good
moleculed’. agreement with previous studi¥s In the case of Co, thg
correction to thel orbital has been found to provide the best
agreement with available experimental results for Co hydro
ides surface¥. The electronic wave function is well repre-

DFT calculations were performed at the generalized gradierS€nted by a plane wave basis set with a cutoff energy of 476
approximation (GGA) PBE levé? using the plane wave im- €V (~ 35 Ry). The electron density is treated on a grid cor-
plementatiofi? in the Quantum Espresso cdfle responding to a plane wave cutoff at 4762 eV 850 Ry).

We calculate the surfaqﬂ—NiOOH(OﬁS) with seven lay- A Gaussian smearing for the integration of the Brillouimeo
ers starting from the bulk material, under the usual comrgga  ©f 0-27 €V was used to ensure fast convergence of the self-

that we maintain the bulk stoichiometry and do not induce &cONSistent electron density. The Broydel-Fletcher-Guotolf
dipole moment along the slab normal. There are only two>"2NN0 (B_FGS6P method was employed for geometry relax-
possible structures, which differ from each other by the H po ations until the maximum force on the atoms was less than
sitions, but have very similar energies and expected sewfac 0-001 Ry/bohr.

chemical behavior. We chose the surface closest to the setup

used by Li_ and Sellqﬁ?, for egse_of comparison. Du_ring 23 Models

our analysis, we replicated periodically a seven-laye sta B

x andy directions, to model th@-NiOOH(0115)surface. A  Figure 1 shows different views of the relax@eNiOOH(0115)
vacuum layer of~ 16A was introduced between the slabs, surface. With the smallest unit cell employed here, thesserf

2.2 DFT calculations

1-16 |3
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exposes two N, two Ozc and two Q atoms per unit cell. We  where asterisk (*) indicates that the species is adsorbam on
relaxed the computed lattice parameters to remove strass fr the surface. The mechanism proposed here, does not dif-
the lattice, although this may lead to small deviations fromfer from the proper nucleophilic attack with the formatioh o
the experimental numbers. For simplicity, throughout the a *OOH proposed by Narskd®. In fact, in their work the OH*
ticle we will omit the index (015). We investigated differ- + O* intermediate is often referred to as OOH*, even though
ent OER mechanisms on two different materigBsNiOOH an adsorbed OOH molecule is not always easily discérped
and3-NiOOH doped by Co) using two different surface unit and it might be better to view it as closely spaced O* and OH*.
cells for both materials. Figure 2 shows for b@hNiOOH Nevertheless, the formation of the superoxy (-OOH) interme
and Co-dope@3-NiOOH the small (SC) and large (LC) unit diate by kinetic experiments has been proposed by Lyons et
cell considered, with coverage by a monolayer ofHThe  al.18. Optimized intermediate configurations of the OER and
SC has similar dimensions as the system used by Li and Selfeaction energies of each one-electron transfer reactéps s
oni?2, while LC is twice as large. The cell parameters for theaccording to path | are reported in Figure 3 and Table 1, re-
SC and LC wera = 5.98 A, b= 6.39 A and y=76.23, and  spectively. During reaction 1.1, the first release of a proto
a=1196A, b=6.39A and y=76.23, respectively. For the from an adsorbed water molecule, leaves an adsorbed OH on
doped material, the two units cells correspond to two différ  the surface. Experimental evidence of two dehydrogenation
doping amounts by Co on the exposed layer of the surfaceeactions occurring during the OER mechanism has already
50% and 25% in the SC and LC, respectively. In particularbeen reporte®54 After the second release of a proton from
for the surface doped at 50% Co, one of the two exposed perthe adsorbed OH, reaction 1.2, an O-O bond forms between
tacoordinated Ni atoms was replaced with Co, while for thethe O adatom and a surface latticg.Owhile a solvent wa-
surface doped at 25%, one out of the four Ni atoms was reter molecule adsorbs at the exposeg:Nidjacent to the O-O
placed with Co. species. We explored the effective possibility of the itiear
of the O adatom into the lattice, according to reaction 1@ an
of the release of the oxygen molecule according to reactions
1.4 and 2.4. The results of these kinetic activation bagrier

To include possible cooperative effects between watef"€ reported in the Supporting Information. During reattio
molecules in the reaction mechanisms, the metal surface wasS @nother adsorbed,® loses a proton and transforms into
microsolvated by a layer of explicit water molecules. This s 20 @dsorbed OH. After the fourth proton release, reactién 1.
called micro-solvation is an indicator of the influence of th Oz forms and desorbs from the surface, thus allowing another
bulk solvenp-2261 The overall reaction at the anode in acidic SO/vent water molecule to adsorb on the exposeg. Nin this
media is: way, the HO monolayer adsorbed on the initial catalyst is re-

2H,0 - AHT +4e + 0, covered.

To map out the OER pathway, we take a recursive trial-and- For clarity, we call the oxygen added to the surface during
error approach, in which we investigate each 'likely’ oxida reaction 1.2 an adatom. During the second mechanism con-
tion pathway by adding a solventB to the surface and then sidered, path Il, the reactions 1.2 and 1.3 are switchech Pat
removing H atoms (proton/electron pair) in a stepwise procell consists of two subsequent dehydrogenation reacticess (r
dure until finally an Q species is produced. The two most actions 2.1 and 2.2) followed by two reactions (2.3 and 2.4)
likely mechanisms presented here, were selected since owMfhere the adsorbed intermediates on the surface reactvth t
goal of the paper is to investigate theoretically whethgs-do Wwater molecules of the solvent as follows:

ing a NiOOH surface with Co might change the mechanism o H20" + 2 H,O(l) — H20* + OH" + H" + &~ + 2 HO(l)

the OER on this specific NIOOH surface. Our initial reaction (2.1)

is split in four steps, according to two possible mechanismd120* + OH" + 2 H,O(l) — 2 OH" + H + e~ + 2 H0(l)
(path | and path I1). Both of them consist of four one-elestro (2.2)

transfer reaction steps. The suggested path | mechanigm is t2 OH* + 2 HO(l) — H20" + OH* + O* + H™ + & + H0(l)

2.4 OER mechanisms modeled

following: (2.3)

2 H,O* + 2 HyO(l) — HyO* + OH* + HT + e + 2 H,O()  H20* + OH" + O" + HaO(l) — 2 HoO0* + Op(g) + HT + e

(1.1) (2.4)

HoO* + OH* + 2 H,O(l) — 2 HoOF + OF + HT + & + HoO(l) The interchange of steps 1.2 and 1.3 becomes possible once
(1.2) OOH* is viewed as closely spaced O* and OH* (see above).
2 HyO* + OF + HO(l) — HpO* + OHF + OF + HY + & + Optimized intermediate configurations involved in the OER
H,O(1) (1.3) and the energetics of each one-electron transfer readgpn s
HoO* + OH* + O + HyO(l) — 2 HoO* + Ox(g) + HT + e according to path Il are reported in Figure 4 and Table 2, re-
(1.4) spectively. We studied the OER pathways on pB+iOOH
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and Co-dope@-NiOOH in the SC and the LC, according to  Our analysis of the energies is supported by a comparison

both mechanisms. of the structural parameters for the optimized configuretio
during the OER in path I. Table 3 reports the distances be-
tween the metal ion (Co or Ni) and the oxygen of the adsorbed
species for the intermediates of the pure and doped surface
during the OER in path I. According to Subbaraman etZl.

the M-O distance can be used as an indicator of the activity
of the catalyst. The distance between the metal closeseto th

In the following we describe the calculated energy-patrsvay ©Xygen of the OH* in Config.2 is shortened by 0 A7or Co
for the OER according to path | on the pure and the 50% CdVith respect to Ni, which is indicative of the more favorable
dopedB-NiOOH surfaces using the small cell (SC). The opti- energetic interaction of OH* with Co. Mo_reover, the defor-
mized intermediate configurations are shown in Figure 3 andnation of the structure due to the adsorption of an O-adatom
the corresponding reaction energies are reported in Table i the surface is somewnhat larger for Co than for Ni in Con-
The results for the pur@-NiOOH surface agree well with ~fig-3, with the metal-metal distance being larger for theetbp
previous calculatior’® and the overpotentiai() for the po- ~ Material (3.2%A for Ni-Co) than for the pure surface (3.20
tential determining step (PDS) at reaction 1.1 is 0.47 V1.7 for Ni-Ni), respectively. We therefore attribute the higfiree
eV - 1.23 eV/q), compared to 0.46 V in R&. The deviation ~ €nergy level of Cpnﬁg.3 of the dop_ed surface to the greater
of the cumulative free energyAG 1.1 +AG 1.2 = 2.83 eV) surfag:e deformation observed forth|§ surface. Taken heget
from the ideal value (2.46 eV) to split the water is illustwt the higher free energy level of Config.3 of the doped surface
in Figure 5A. (due to its larger surface deformation) and the lower free en
Next, we consider the effect of doping the exposed layer of"9Y Iev_el of Config.2 _(due to the more favorable interaction
the B-NiOOH surface with 50% Co. The optimized interme- ©f C0 with OH¥) explain why reaction 1.2 becomes the PDS
diate configurations computed with the SC are shown in thdOr the cobalt doped surface.
second row of Figure 3, and the energies are reported in Ta- Finally, a comparison of the overpotentials calculated as-
ble 1. For this surface, reaction 1.2 is the PDS, yieldinggan Suming the OER mechanism to be path | and using the SC
of 0.58 V. suggests that doping the NiOOH surface with Co somewhat
The differences in the free energy profiles of these two surincreases the overpotential, from 0.47 to 0.58 V.
faces are shown in Figure 5A and can be explained from the
relative ste_lbility of the subsequent intermediates duti® 35 path | on the 286 Co dopedB-NiOOH surface using
OER. The interaction between Co and the adsorbed OH group  the large unit cell
(OH*) is more favorable than that between Ni and OH?*, in
agreement with the findings of Ré%. Note also that Co has Next we study the effect of lowering the amount of Co dop-
one lessd-electron than Ni, making it likely that in a situa- ing of the surface layer g8-NiOOH. The bottom row of Fig-
tion where Co replaces Ni in NiOOH, Co will interact more ure 3 shows the optimized configurations of 25% Co-doped-
favorably with the unpaired electron of OH than Ni. For Co- 3-NiOOH using the LC. The relative energies are reported in
dopedB-NiOOH, reaction 1.1 is then rather favorabfe&3 1.1  Table 1. Similar to the 50% doped surface, the PDS for this
= 1.18 eV). As also illustrated in Figure 5AG 1.1 for the  surface is reaction 1.2 with am = 0.53 V. The decrease of
Co-dopedB-NiOOH is very close to the ideal value necessaryn from 0.58 to 0.53 V going from the 50% Co-doped to the
to split water (1.23 eV) whil&AG 1.1 for3-NiOOH is signifi-  25% Co doped surface layer of NiOOH is a consequence of
cantly larger AG 1.1 =1.70 eV). With an overpotential of 0.58 a larger decrease of the free energy of Config.3 than the de-
V (Table 1), reaction 1.2 becomes the PDS for the Co-dopedrease observed in the free energy level of Config.2. In other
material, possibly because the adsorption of the O-adagem r words, both configurations decrease in energy, but relaive
quires a larger deformation of the surface (see Figure 8). Fi Config.1 the free energy of Config.3 decreases more (by 0.23
ure 5A shows that for the doped surface the deviation of 0.52V) than Config.2 (by 0.18 eV) if the amount of doped Co is
eV from the ideal value (2.46 eV) of the second intermedi-decreased from 50 to 25%.
ate level for water splitting is quite significant, while ftre We attribute the decrease of the free energy level of Con-
pure surface it is negligible (2.83 eV). The high overpatdnt fig.3 to a greater capacity of the larger surface unit cellcto a
on the Co-doped surface is thus mostly a consequence of theommodate the strain due to the presence of the O-adatom
high free energy of Config.3 of this surface (it contributés30  in the surface. It is not so clear why the free energy level of
V to the overpotential of 0.58 V), the remainder of the overpo Config.2 is likewise decreased with decreased Co-doping. Th
tential being due to the free energy of Config.2 being too lowCo-OH* distance we computed for the 25% Co doped surface
by 0.05 eV for the Co-doped surface. is actually a bit larger (1.84) than the value for the 50%

3 Results and discussion

3.1 Path | on the pure and the 506 Co doped3-NiOOH
surface using the small unit cell

1-16 |5
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doped Co doped surface (1.80see Table 3). state of the catalyst.

The increased stability of Config.2 with the LC could be The free energy profile in Figure 5B shows that reaction 2.1
due, once again, to the less repulsive electrostatic ictierss  is thermodynamically favorable, as found earlier for patim |
between OH* and its periodic images in tkeandy direc-  path Il, reaction 2.2 is the PDS and the calculated overpoten
tions and the better arrangement of the overlayer of therwatetial is only 0.18 V ((1.41 eV - 1.23 eV)/g). The free energy
molecules with the increased size of the surface. It is als@rofile shows that the free energy level of Configh&(2.1 +
possible that there are effects due to whether or not 4@ H AG 2.2 =2.41 eV) is very close to the ideal value (2.46 eV) for
overlayer (or the mixed OH-}O overlayer) is commensurate splitting water. Indeed, in path Il reaction 2.2 involves td-
with the size of the surface unit céll sorption of OH* and not an adsorption of the oxygen adatom
in the surface, as in the case in reaction 1.2 in path I. In Con-
fig.3 a possibly unfavorable interaction between the exghose
Nisc with OH* is balanced by the more favorable interactions
between Co and OH*.

We optimized the structures of the reactant and product The free energy change of reaction 2.3 (1.37 eV) is some-
species along the OER according to path Il on the 8ve what smaller than that of reaction 2.2 (1.41 eV). We can under
NiOOH surface using the SC and we found that the electronistand the small reaction free energy change of 2.3 as fallows
structure of Config.3 is very difficult to converge due to thejust like reaction 1.2 for pure NiOOH, this reaction invadve
presence of two unfavorable interactions between OH and Nihe release of a proton from OH* adsorbed on Ni (the break-
Also because the overpotential would be at least 0.47 V in anyng of a rather weak metal-OH bond) and the accommodation
case (reaction 2.1 is still the same as reaction 1.1, whittteis of O* in the surface. This step (step 1.2 for pure NiOOH in
PDS according to path | for the small cell), these calcutetio path 1) was not the PDS in path |, and the corresponding free
were abandoned. energy change was only 1.13 eV in path I. It is therefore not
surprising that this step does not hinder path Il, so that ste
2.2 remains the PDS in the OER on 25% Co-doped NiOOH in
path II.

The tactics used in the search procedure for the optimal
As discussed in the previous sections, the PDS for the Comechanism for 25% Co-doped NiOOH can be illustrated with
doped surface at both the 25% and 50% doping level is readhe free energy diagrams shown in Figure 5. As both Fig-
tion 1.2 in which an O-adatom is adsorbed on the surface. Weres 5A and 5B show, the relative free energy of Config.4
have also explained why this reaction is more favorable foproduced after reactions 1.3 and 2.3) is very close to thal id
the pure than for the Co-doped surfaces. Starting from theskevel for water splitting after three one-electron transteps.
considerations, we have explored the alternative pathhior t The first step of this process should be the deprotonation of
pure and Co-doped surfaces (see the Section 'Modeled OER water molecule adsorbed on Co (reaction 2.1 has to be the
mechanisms’). same as reaction 1.1). The only freedom that remains is to

We explored path 1l only with the larger cell (LC) for both try and swap the second and third reaction steps, which nec-
the pure and the 25% dop@dNiOOH surface. The optimized essarily takes us to the same configuration, from whigh O
structures of the OER intermediates and their reactiondnee release represents the next and final step. Figure 5A shows
ergies are reported in Figure 4 and Table 2, respectivedy; ththat, compared to the ideal intermediate free energy level f
free energy profile is shown in Figure 5B. water splitting, the position of the free energy level assecd

On the Co-dope-NiOOH surface, during reaction 2.1, with Config.3 is rather unfavorable in path |. This naturally
the first proton is released by a water molecule that is agsbrb suggests swapping steps 2 and 3 to see if a more favorable
on the exposed Co. In reaction 2.2, a water molecule that igiechanism for the OER can be obtained in this way. Our
adsorbed on the exposedspthat is adjacent to the OH* ad- calculations suggest that this is indeed the case, witmtiee-i
sorbed on Co, also donates a proton to the solvent and trangiediate free energy level associated with Config.3 (2.41 eV)
forms into a second OH*. After the release of a third protonof path Il now lying quite close to the ideal value (2.46 eV).
from the OH* on the exposed Bliatom in reaction 2.3, an O- Based on the free energy levels of Configs.2 and 4, and
O bond forms between the O adatom and a surface lattige O assuming that the extra relaxation possible with the use of a
while a new solvent water molecule adsorbs on the exposeldrger surface unit cell does not lead to a significant chamge
Nisc adjacent to the O-O species. In the final reaction, 2.4, théhe reaction energies, we can estimate whether the use of the
fourth proton is released from the OH* adsorbed on Co, andiigher Co doping level (50%) could lead to an ever lower over-
O, desorbs from the surface followed by the adsorption of anpotential than the value observed for 25% Co doping (0.18 V).
other water molecule on the vacated Co to recover the initiaBpecifically, the lowest overpotential that could be olsdin

3.3 Path Il on the pure B-NiOOH surface using the small
unit cell

3.4 Path Il on the pure and the 2%46 Co doped3-NiOOH
surface using the large unit cell
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with path Il for 50% Co doped NiOOH is equal to {&afiga- 3.5 Path | on the pure 3-NiOOH surface using the large
Geonfig2)/2q -1.23 V. Using Table 2, we find that the lower unit cell
bound to the overpotential obtained in this way is 0.225 V.
This suggests that increased Co doping is not likely to lead t
a further decreased overpotential.

In the following we discuss the OER mechanism on the pure
B-NiOOH using the large cell (LC) according to path I. The
OER configurations and the reaction energies are reported in
Figure 3 and in Table 1, respectively. As expected and previ-
We also explored the reaction energies of the OER on theusly anticipated, thg for this surface is only 0.28 V, decreas-
pure surface under path II, using the LC to check whether thisng from 0.47 in the SC to 0.28 V with the LC. Going from the
might give rise to a lower overpotential. Figure 4 and Table 2SC to the LC surface we observe not only a large decrease of
report the optimized configurations and the reaction eeergi n by 0.19 V, but also a change in PDS from the first to the
respectively. The pure surface shows a different energy prosecond stepAG 1.1 involves the same configurations as in the
file than the doped one; the PDS is still reaction 2.2, but thg3-NiOOH surface in the LC according to path Il and it has al-
associated) is 0.51 V rather than 0.18 V. Compared to the ready been discussed in the previous section. A comparfson o
B-NiOOH surface studied with the SC, the first proton releasehe free energy profiles in Figure 5A between pNiOOH
from an adsorbed water molecule in the first reaction, is much.C (black line) and SC (orange line) shows clearly th&
more favorable energeticallAG = 1.29 with the LC with re- 1.1 is smaller with the LC than with the SC, due to the higher
spect toAG = 1.70 for reaction 1.1 with the SC). This could stability of Config.2 with the LC than with the SC. In fact,
be due to the same reasons as discussed earlier for the diffaTonfig.2 decreases in energy relative to Config.1 by 0.41 eV.
ence observed for Co-doped NiOOH when varying cell sizeThe increased stability of Config.2 with the LC could be due,
the increased stability of Config.2 in the LC could be due toonce again, to the less repulsive electrostatic intenastie-
less repulsive electrostatic interactions between theogier  tween OH* and its periodic images and the better arrangement
images of the OH*, and it is possible that there are effects obf the overlayer of the water molecules with the increaseel si
whether or not the kD (or H,O-OH) overlayer is commen-  of the surfaceAG 1.2 is the free energy change corresponding
surate with the size of the surface unit cell (see the previouto the PDS for this mechanism and it is a bit higher with the
section). LC than with the SC, with values of 1.51 and 1.13 eV, respec-
tively. Nevertheless, the cumulative free enefdy 1.1+AG
1.2 is very similar for the pure surface with the LC and with

volves a second release of a proton from an adsorbed watéi€ SC (2.80 and 2.83 eV, respectively). Moreover, Config.3 i
molecule that interacts with an exposedNb produce OH*. slightly more staple with the LC than with thg SC, perhaps due
The high free energy change associated with this reaciién, to greater ca_pacny of the larger surface unit cell to accomm

= 1.74, may be due to unfavorable interactions between th@2t€ the strain due to the presence of the O-adaftbnl.3 is
two adjacent OH*, and in any case we would expect a highef"'so lower with the LC than with the SC for the same reasons.

free energy level of Config.3 for NIOOH than for Co-doped The main conclusions to draw for the pure surface is that cell
NiIOOH under path II, because the two OH* both have to ad-Size plays a key role mainly due to a greater capacity of the

sorb to Ni; atoms. A Bader charge analysis on the Config.Pigger cell to arrange the overlayer 0®OH molecules on
3, shows different values for Co (0.38) and Ni (1.43), Whicht_he surface, increasing both_the stability of Conflg._2 and-Co
confirms the stronger metal-OH charge transfer in the formedi9-3- Table 3 presents the different values of the Ni(IbH)

Co-OH bond and explains the different overpotential values distances going fromthe SCtothe LC. Indeed, we have shown
that the reorganization of the solvent on the surface affect

both the interaction between the adsorbates itself anddsstw
As we can see from Figure 5B the cumulative free energythe solvent (water molecules) and the surface, which in turn
of Config.3 on NIOOH AG 2.1 +AG 2.2 = 3.03 eV) devi- pjays a role in the decrease of the overpotential of the OER
ates from the ideal value for splitting water (2.46 eV) by |0r mechanism. In summary, cell size importantly affects the re
than 0.5 eV. Table 4 contains the Ni-Q@H) distances ob-  gy|ts of the reaction energies of the OER if the water overlay

tained for the LC for the pure and Co-doped surfaces. The rés considered, and these effects should probably be addtess
sults presented so far lead to the following intermediate co i future studies on other systems as well.

clusions. The lowest overpotential for the OER on NiOOH
that we obtained so far is 0.47 V, and on the pure surface th
OER proceeds according to mechanism |. Doping the surface’
layer with 25% Co reduces the overpotential to only 0.18 V,Starting from the results by Li and Selloni on the pyie
and over the doped surface the OER proceeds according tdiOOH in SC, we explored the effect of doping tBeNiOOH
mechanism II. surface with Co and of unit cell size on the oxidation of water

Under mechanism Il for the pure surface, reaction 2.2 in

Comparison of all scenarios

1-16 |7
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For the purg3-NiOOH the preferential mechanism is path I in and 0.75). Furthermore, the OER was allowed to proceed ac-
agreement with Li and Selloni. Concerning the effect of thecording to two different mechanisms. In path |, the first @epr
size of the surface and in addition to their results, we foundonation of an adsorbed water molecule (leading to OH*) was
that going from SC to LC, the overpotential decreases quitdollowed by a second deprotonation leading to O*. In path I,
dramatically from 0.47 to 0.28 V by 0.19 V. Further studies after the first deprotonation step the second deproton&ion
which consider also different sizes of the cell in yhdirection  of a nearby adsorbed water molecule, leading to two nearby
are suggested to investigate the effect of electrostaicdan-  OH* molecules adsorbed to the surface.

tions and of the commensurate overlayer of th®©Hith the For the OER on purg-NiOOH (oﬁ5) we find good agree-
cell on the OER energies. ment of our computed overpotential (0.47 V) with the results
Concerning the effect of doping thf:NiOOH surface, we  of Lj and Selloni (0.46 V, Ref?) if the SC is used, as was done
explored two different relative amounts of Co atoms in the ex in their work. With the use of the SC, the reaction proceeds
posed layer of the surface: 25% and 50%. When we considejccording to path I, and the PDS is the first deprotonatiqm ste
25% of Co on the topmost layer of the pure surface, we find annterestingly we find that the overpotential decreases28 0.
overpotential of only 0.18 V with the LC according to path Il. v if the reaction energies are modeled with the larger call. |
On the contrary, doping the pure surface with 50% of Co leadshis scenario the reaction still proceeds according to path
to an increase of the overpotential irrespective of the path  put the PDS is now the second step. The lower overpotential
sidered, up to 0.58 V with the SC. is attributed to the first step becoming more favorable due to
Our work is in disagreement with the experimental work of decreased Coulomb repulsion between OH* and its periodic
Trotochaud et af3, who report a small increase of overpoten- images with the use of the larger cell, and altered enesetic
tial for the OER on NjCo;_yOx thin films going fromy=1.0  due to the commensurate overlayer of the water with the dif-
to 0.75. They attribute this decrease to “suppressed in sitgerently sized NiOOH surface unit cell, as imposed through
formation of the active layered oxyhydrydroxide with ingse  the periodic boundary conditions. The lower overpotential
ing Co"2%. Our work suggests that if the Co-doping could be can be also attributed to the change in the metal work func-
performed while leaving the oxyhydrydroxide top layer otfa  tion affected by the weak adsorbates (OH*) on the surface.
this could instead lead to increased activity of thg®¢_yOx  These effects lead to uncertainties in the numerical restilt
catalyst with decreasing y, betwegrquals 1.0 and 0.75. Our the present and previot&calculations, and we suggest that
results may also be compared with the results of Bajdich ethe effect of unit cell size be looked at more closely in fatur
al.33 for B-CoOOH and Ni-dopeg8-CoOOH. Working from  theoretical studies on the energies of redox reactions.
the other endy(= 0.25 and 0 are considered), Bajdich etal. o the OER on Co-dopefi-NiOOH (OJIS) we find the
find a synergistic effect of Ni and Co but they find that increas |;yest overpotential (0.18 V). This low overpotential isifal
ing Ni content leads to increased activity for the OER. Thesg, 2509 Co-doped3-NiOOH. For this case, the OER pro-
rgsults can not be direqtly compared to ours because.they COReeds according to path II, and the PDS is the second step
sidered a different regime gfvalues (0.25 and 0). Finally, i, \yhich a second water molecule is deprotonated, leading to

our results are in disagremeent with some findings and cory,,q adjacent OH* on the surface, one on the doped Co and

clusions by Li and Selloni. In particular, in their paperythe ,nq on a nearest neighbour Ni atom. Our result showing that
suggested that while Fe doping NiOx would enhance the OER,, y = 0.75 a lower overpotential is found than fgr= 1.0

activity, Co doping would make it slower. They reached this;q i, agreement with some earlier studies op®i; _,Ox sur-
conclusion considering the first proton release as the PDS fg,,29-31 5n4qin disagreement with other studigsin partic-
pure COOOH (and not Co-doped NiOx). With our work We yjar our result is at odds with the recent study of Trotochau
demonstrate that, for the Co dop@eNiOOH, instead the sec- ¢t 5123 \ho found a slight increase in the overpotential going
ond proton release is the PDS for the most favourable mechg;q ., y=1.0to 0.75. However, they attributed the increase

nism considered. in overpotential to a change in structure of the NiOOH with
increased Co-doping. Our results suggest that doping the su
4 Conclusions face with a small amount of Co might lead to increased ac-
tivity of the B-NiOOH catalyst if the doping can be carried
We have explored the OER energetic pathways onfithe outin such a way that the structure®fNiOOH is preserved.
NiyCo;_yOOH (0115) surface witly varying between 1 (pure A comparison with experimental works is rather difficult as
B-NiOOH) and 0.5 (50% Co dopef3-NiOOH), using the many factors play a role during an electrochemical experi-
DFT + U method. To allow the effect of different doping ment. For example, in the article by Smith ef&amorphous
levels and of the commensurate overlayer of the water to benetal oxide films are studied containing Fe, Co and Ni, and
explored, two cells of different size were used, i.e. thelsma the best catalyst toward the OER was obtainedrHye,oNigg
cell (SC, fory=1 and 0.5) and the large cell (LC, fgr=1, compound. With 40% of Co and 60% of Ni, not a visible
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improvement inp was obtained. A fair comparison with our

work would involve lower percentages of Co in the catalyst,
which was not explored. Neverthless, the effect of tramsiti 1
metals as additive to NiOx toward the OER remains highly de-
bated. In a recent article by Lyons et'&|.the authors found 3
that among the three oxides (Fe, Co and Ni), NiOx shows the
best performance while FeO shows the poorest. Other exper4
imental studie&’-%° suggest that the effect of Cobalt doping 5
into the nickel hydroxide is to increase the oxygen overpo-
tential, although they claim that the structurg@Nickel hy- 6
droxide is not affected by Co and that it is difficult to assbss 7
right amount of the Co due to the presence of Co as impurity 8
already in the NiOx electrode. 9
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yz-plane xz-plane Xy-plane

Fig. 1 Slab of theﬁ-NiOOH(O]IS) surface. From the left: the plane of the paper is the yz, the xz ang thlaxe, respectively. Ni, H and O
atoms are colored in dark grey, light grey and red, respectivelyrderg black and yellow are drawn twogitwo Oz; and two Q, atoms,
respectively

o & e L o & e« & e«
o - * ‘*
B-NiOOH-SC Co-3-NiOOH-SC B-NiOOH-LC Co- 3-NiOOH-LC

Fig. 2 Slab surfaces of pur@-NiOOH and of NiOOH doped with Co. SC and LC stand for small and lar§jerespectively. Ni, H, Co and
O are drawn in dark grey, light grey, blue and red, respectively
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Fig. 3 Optimized configurations related to the OER according to path I. From theheirst and the second row represent the pure and the
Co-doped3-NiOOH surfaces studied with the small cell (SC), respectively. The tmrtithe fourth row represent the pure and Co-doped
B-NiOOH surface studied with the large cell (LC), respectively. For clddtythe LC only the three metal atoms involved in the OER are
drawn. Ni, H, Co and O are drawn in dark grey, light grey, blue andnexpectively
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Config.1 C
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Config.3

fig.2

AR

Config.4

Fig. 4 Optimized configurations related to the OER according to path Il for the (bojpg and the Co-dope-NiOOH (bottom) surfaces
studied with the large cell (LC). For clarity only the three metal atoms involvélde OER are drawn. Ni, H, Co and O are drawn in dark
grey, light grey, blue and red, respectively

Table 1 Thermodynamic quantities of the four reactions in the OER according td fatlthe pure and the Co-dopggtNiOOH surface
studied with the small (SC) and large (LC) cell. All the thermodynamic vaduesn eV except for the overpotential in V. For brevity, we
replaced Conf.1,2,3,4 with 1,2,3,4, respectively. A comparisitin v et al.22 is provided for the8-NiOOH surface studied with the SC

elementary step AE  AHy AZPE -TAS AG n
B-NiOOH SC path | (Li et ak?)
1+2H0() —-2+H+e +2H,0O() 206 004 -021 -020 169 046
2+2H0() -3+H"+e +H,O() 067 -006 002 047 110
3+ HO(l) — 4 + H + e + HO(l) 179 004 -022 -020 141
4+HO()—»1+HM+e +0O; 093 004 -0.09 -0.16 072
B-NiOOH SC path |
1+2H0() - 2+H+e +2H,0() 207 004 -021 -020 170 047
2+2H0() -3+H"+e +H,O() 070 -0.06 002 047 113
3+ HO(l) — 4+ H + e + HyO(l) 179 004 -022 -020 141
4+H0O0() »1+H+e +0, 094 004 -0.09 -0.16 073
Co-3-NiOOH SC path |
1+2H0() - 2+H"+e +2H,0() 155 004 -021 -0.20 1.18
2+2H0() -3+H"+e +HO() 138 -006 002 047 1.81 058
3+ HO(l) — 4 + H"+ e + HO(l) 148 004 -022 -020 1.10
4+H0() - 1+HM+e +0O; 113 004 -009 -016 0.92
B-NiOOH LC path |
1+2H0() —-2+H"+e +2H,0() 166 004 -021 -020 1.29
2+2H0()—-3+H"+e +HO() 1.08 -0.06 002 047 151 028
3+ HO(l) — 4 + H"+ e + HO(l) 148 004 -022 -020 1.10
44+HO0() - 1+HM+e +0O; 129 004 -009 -016 1.08
Co-3-NiOOH LC path |
1+2H0() —-2+H"+e +2H,0() 137 004 -021 -0.20 1.00
2+2H0() —-3+H"+e +H,O() 136 -0.06 002 047 1.76 053
3+ HO(l) — 4 + H"+ e + HO(l) 137 004 -022 -0.20 0.99
4+HO() - 1+H+e +0O; 141 004 -0.09 -0.16 1.20
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Fig. 5Cumulative free energies of the intermediates of the OER according té @athll on pure and doped surfaces. The ideal cumulative
free energies for the water splitting for both paths are reported in reBath: I. The free energy values are reported in Table 1. B: Path Il. The
free energy values are reported in Table 2
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Table 2 Thermodyamic quantities of the four reactions in the OER according to pfththe Co-doped3-NiOOH and purg3-NiOOH
surface studied with the large cell (LC) as specified in the Table. All therthéynamic values are in eV except for the overpotential in V. For
brevity, we replaced Conf.1,2,3,4 with 1,2,3,4, respectively

elementary step AE AHg
Co-B-NiOOH LC path Il
1+2H0()—-2+H"+e +2H,0() 137 004 -021 -0.20 1.00
2+2H0() - 3+H+e +2H,0() 179 004 -022 -020 141 018
3+2H0() -4+H™+e +H,O() 094 -0.06 002 047 1.37

AZPE -TAS AG n

4+HO() = 1+H+e +0O;, 142 004 -009 -016 1.21
B-NiOOH LC path II
T+20() 2+ +e +2M0() 166 004 -021 -020 129
2+2H0() > 3+H+e +2H,0() 212 004 -022 -020 174 051

—0.06 002 047 087
-0.09 -0.16 108

3+2H0() -4+H"+e +H,O() 044
4+H0() - 1+H+e +0, 129 004

Table 3 Metal-oxygen and metal-metal distandefor the surfaces 0B-NiOOH SC, Co-NiOOH SC and Cg3-NiOOH LC of the four
optimized configurations during the OER according to path I. The OER amésim is shown in Figure 3. The metal can be either Ni or Co
depending on the surface

Atoms Config.1 Config.2 Config.3 Config.4
B-NiOOH SC path |
Ni1l—OH; 2.36 210 244 190
Ni2—OH; (OH) 237 187 224 195
Nil—Ni2 2.99 298 320 319
Co-dopedB-NiOOH SC path |
Nil—OH; 231 221 300 196
Co2—OH; (OH) 207 180 225 188
Nil—Co2 300 299 325 316
B-NiOOH LC path |
Nil—OH; 2.25 222 287 227
Ni2—OH; (OH) 251 192 219 192
Ni3—OH; 2.25 209 218 211
Nil-Ni2 2.98 292 294 288
Ni2-Ni3 3.00 304 327 325
Co-dopedB-NiOOH LC path |
Nil—OH; 2.27 224 234 211
Co2—OH; (OH) 2.60 182 308 192
Ni3—OH; 2.26 217 218 228
Nil—Co2 299 295 290 324
Co2-Ni3 299 306 328 289
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Table 4 M-O and M-M distanced for pure and Co-dope@-NiOOH studied with the LC during the four reactions according to path I& Th

OER mechanism is shown in Figure 4. M can be either Ni or Co dependittgeasurface

Atoms Config.1 Config.2 Config.3 Config.4
B-NiOOH LC path Il
Ni1l—OH; 2.25 222 211 227
Ni2—OH; (OH) 251 192 185 192
Ni3—OH; 2.25 209 188 211
Ni1-Ni2 298 292 298 288
Ni2-Ni3 3.00 304 298 325
Co-3-NiOOH LC path Il
Nil—OH; 2.27 224 215 211
Co2—OH (OH) 2.60 182 179 192
Ni3—OH; 2.26 217 189 228
Ni1l—Co2 299 295 299 324
Co2-Ni3 299 306 299 289
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