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Co- and Ni-based layered hydroxides constitute a unique class of two-dimensional inorganic 

materials with exceptional chemical diversity, physicochemical properties and outstanding 

performance as supercapacitors and overall water splitting catalysts. Recently, the occurrence 

of Co(III) in these phases has been proposed as a key factor that enhance their electrochemical 

performance. However, the origin of this centers and control over its contents remains as an 

open question. We employed the Epoxide Route to synthesize a whole set of α-NiCo layered 

hydroxides. The PXRD and XAS characterization alert about the occurrence of Co(III) as a 

consequence of the increment in the Ni content. DFT+U simulation suggest that the shortening 

of the Co–O distance promotes a structural distortion in the Co environments, resulting in a 

double degeneration in the octahedral Co 3d orbitals. Hence, a strong modification of the 

electronic properties leaves the system prone to oxidation, by the appearance of Co localized 

electronic states on the Fermi level. This work combines a microscopic interpretation 

supported by a multiscale crystallochemical analysis, regarding the so called synergistic redox 

behavior of Co and Ni, offering fundamental tools for the controllable design of highly efficient 

electroactive materials. To the best of our knowledge this is the first computational-

experimental investigation of the electronic and structural details of α-NiCo hydroxides, laying 

the foundation for the fine tuning of electronic properties in layered hydroxides. 
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Introduction 

The global demand for sustainable energy triggered a massive effort to develop efficient, 

low-cost alternative materials and devices for clean energy generation and storage.1,2 

Electrochemical-based platforms as water splitting cells and supercapacitive devices have 

demonstrated to be able to play both roles.3,4,5 Nowadays, two-dimensional (2D) 

materials, such graphene and other layered materials, arise as exceptional candidates to 

improve the current status in this field.6, 7,8 Among the most promising members of the 

2D materials family, those based on earth abundant9 and non-geolocalized transition 

metals, such as layered multicationic oxides,10 hydroxides,11 sulfides,12 among others,13 

play a leading role in the race for efficient aqueous based supercapacitors and water 

splitting devices. One particular family of compounds, the NiCo hydroxides, were 

recently studied for both applications by numerous authors, revealing their outstanding 

electrochemical performances.14,15,16,17 The combination of both metal ions results in a 

synergic effect optimizing both capacitance and electrical conductivity.18,19 However, 

most of the current efforts in optimizing these materials rely on a trial and error screening, 

either based on crystallochemical or textural modifications.20,21 The former includes 

modifications of the crystal structure, Ni to Co ratio,22 and interlayer anions in order to 

modulate interlayer distances (diffusion) and hydrophobicity (inorganic vs. organic 

anions), respectively;23 screening of textural modifications includes tuning particle sizes 

and shapes and, eventually, the exfoliation into single layers.24 Finally, in order to 

increase the conductivity, a proper dispersion of these phases within a conductive 

substrate, or direct growth on an electrode (such as Ni foam or carbon-based supports) 

has to be realized.25,26 Therefore, it is not surprising that in such multivariate experimental 

scenarios, the optimum formulation is crucially depending on the preparational methods 

and remains matter of debate, taking the inherent complexity of these electrochemical 

assemblies into account. Meanwhile, fundamental aspects related to the electronic and 

crystallochemical nature of these compounds remain poorly understood. These 

hydroxides are indistinctly defined as α-hydroxides and/or LDHs phases just for the mere 

fact of being expanded along their interbasal axis (c parameter), compared to the β-

hydroxides, also known as Brucite-like layered phases.15 This inherently imprecise 

description ignores key aspects as the stacking order-disorder of the layers (xy planes), 

the presence of defects, the occurrence of oxidized cations and/or non-octahedral 

coordination environments and the inherent nature of anion-layer interactions (covalent 
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vs electrostatic), among others. Moreover, in silico simulations of simplified and 

unrealistic structures tend to offer a risky scenario for the prediction of electronic 

structure. For example, for NiCo layered hydroxides synthesized by homogenous 

methods, the occurrence of Co(III) in the presence of oxygen was reported, while at the 

same time the bare Co endmember remained unaltered.20,24,27,28 It is important to point 

out, that the Co(III):Co(II) ratio can have an effect on the active sites in the redox reaction, 

while the increment of this ratio leads to a significant enhancement of the specific 

capacitance.29 Moreover, Density Functional Theory (DFT) calculations suggest, that the 

presence of certain trivalent cations can affect the electrochemical behavior through a 

band gap modification.30 Hence, the occurrence of Co(III) in these materials must be 

understood in order to thoroughly rationalize the design and physical properties of these 

compounds. 

In parallel to experimental approaches, DFT based studies are widely employed to 

complement the exploration of materials for energy conversion and storage.31 Ranging 

from studies of ion intercalation structures to elucidate the underlying mechanisms of 

energy storage,32 to the evaluation of the performance of oxygen reduction reaction 

(ORR), oxygen evolution reaction (OER), and hydrogen evolution reaction (HER),33 the 

theoretical calculations based on DFT represent powerful and promising techniques to 

complement studies  in the energy field. However, 2D-materials based on transition metal 

ions require a proper description, accounting for their inherently high electronic 

correlation contribution of their respective d shell electrons. The incorporation of the 

Hubbard term in the Kohn-Sham Hamiltonian (DFT+U)34  has been accepted as an 

accurate tool for describing the electronic structure of transition metal layered 

hydroxides,35,36 offering less expensive calculations than those based on hybrid 

functionals. While many reports based on DFT+U are focused on the electrochemical 

properties of water oxidation on e.g. 2D NiCo layered hydroxides and related compounds, 

30,37,38,39,40,41, there are very few reports focused on the fundamental comprehension of 

structural properties and electronic structure of theses phases. A microscopic 

understanding of the electronic structures and structural environments of Ni and Co ions 

inside the layers are necessary for a reliable in-depth study of their physical and 

physicochemical properties. In addition, in order to correlate the DFT+U calculation with 

the experimental data, the intrinsic behavior of each constituent (oxidation state, average 

coordination number, interatomic distances and degree of disorder for each atom) must 
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be assessed by an element-selective technique, such as X-ray Absorption Spectroscopy 

(XAS), with local atomic-order sensitivity.42,43,44 

In search of the chemical aspects that control the occurrence of Co(III) in NiCo layered 

hydroxides, we envisaged a systematic exploration of nanotextured α-NiCo hydroxides,45 

obtained through the Epoxide Route.46 This one pot room temperature method drives the 

precipitation under extremely mild conditions, offering a reliable tool to crystallize nano 

layered hydroxides containing diverse cations47 and/or interlamellar anions48 The 

specimens were thoroughly characterized by PXRD, UV-Vis, SEM, and XANES-

EXAFS, showing the dependence of Co(III) on the respective Ni content. Meanwhile, a 

microscopic description, provided by DFT+U depicts an extraordinary change on the 

electronic properties of the system, modulated by the incorporation of Ni atoms into the 

α-Co hydroxide supercell. These new states above the Fermi level are associated with 

octahedral Co atoms, exclusively, and they are a consequence of the octahedral 

environment distortion. A detailed inspection of those Co(II) ions exclude a double 

degeneration on the 3d orbitals, allowing their potential oxidation to Co(III). To the best 

of our knowledge, this is the first report of a “cis distortion” in layered hydroxides, paving 

the way to the rational design of 2D hydroxides for energy storage and conversion. 

 

Results and Discussion 

A set of NiCo layered hydroxides were synthesized through the Epoxide Route in a one 

pot reaction according to our previous report.45 This homogeneous alkalinization reaction, 

in contrast to those, based on ammonium releasing reagent (ARR), takes place at room 

temperature allowing the precipitation of layered hydroxide without phase segregation49 

or the contamination with carbonates. This allows the crystallization of novel layered 

hydroxide compounds with tunable electrical properties.50 In addition, the final pH in this 

method is not constrained by the presence of the ammonia/ammonium buffer, therefore 

allows final pH values higher than 10 to be easily achieved, ensuring the quantitative 

precipitation of most transition metal cations. Samples are labeled as NiX (with 0 ≤ X ≤ 

100), where X accounts for the total Ni percentage in the sample. The PXRD patterns 

recorded for all samples are compiled in Figure 1A, confirming the layered nature of the 

whole family, and evidenced by characteristic interlamellar signals in the 2-theta range 

between 5º and 20º. However, differences arise with increasing Ni content. Starting from 

sample Ni0, the pure cobalt-based sample presents all the main diffraction signals 

10.1002/chem.202001944

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



6/26 

 

reported for the α-Co(II) hydroxide, a layered basic chloride described by the general 

formula, 𝐶𝑜(𝑂𝐻)2−𝑥𝐶𝑙𝑥 · 𝑚𝐻2𝑂 (see Figure S1).51 This phase is defined by predominant 

occupation of octahedral Co(II) centers, hereafter denoted as Co(II)Oh, which display a 

bidimensional infinite hexagonal arrangement of cations, chemically bound trough μ3-

OH bridges, as in the parent perfectly regular lattice of β-Co(OH)2, also known as brucitic 

phase.35 Nevertheless, Co(II) ions can adopt diverse coordination environments;52 in the 

particular case of the α-Co(II) hydroxide phase, certain Co(II)Oh positions of each layer 

can remain vacant, and these sites will be occupied by a pair of tetrahedral centered 

Co(II)Td, placed outside the brucitic hydroxylated layer (see Scheme 1). Each of the 

Co(II)Td is then coordinated to three OH groups belonging to the brucitic layer, meanwhile 

the fourth coordination position is occupied by chloride anions, as found in the well-

defined structure of mineral Simonkolleite, 𝑍𝑛3
𝑂ℎ𝑍𝑛2

𝑇𝑑(𝑂𝐻)8𝐶𝑙2 · 𝑚𝐻2𝑂.53 However, the 

crystalline Co(II) phase follows a less defined formula, 𝐶𝑜1−𝑥
𝑂ℎ 𝐶𝑜𝑥

𝑇𝑑(𝑂𝐻)2−𝑥𝐶𝑙𝑥 ·

𝑚𝐻2𝑂,54  holding a predominant fraction of octahedral centers, with an 0.05 ≤ x ≤ 0.40 

value that depends on the preparation method and the interlayer halide50 and is 

characterized by a disordered-clustered distribution of Co(II)Td sites within the layers.55,56 

On the other hand, sample Ni100 depicts all signals reported for the α-Ni(II) hydroxide 

phase in which the layered structure is governed by a turbostratic disorder, defined by a 

relative rotation of successively stacked layers.57 This structure, obeys the formula 

𝑁𝑖(𝑂𝐻)2−𝑥𝐴𝑥/𝑛 · 𝑚𝐻2𝑂, where An- represents an exchangeable anion, with Ni(II) 

centers located in octahedral environment, Ni(II)Oh, exclusively.58 Beside this, α-Ni(II) 

hydroxide phases resemble the structure of LDH compounds; it is important to point out 

non-trivalent cations are present within the layers, while the structural nature of this kind 

of layered hydroxide material still remains to be an open question.59,60 
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Scheme 1. α-layered hydroxides obtained through the Epoxide Route (46) employing CoCl2 (left) or 

NiCl2 (right) precursors. Ni0 results in a Simonkolleite-like structure, where Co(II) ions occupy two 

crystallographic environments: octahedral (green) and tetrahedral (blue). Ni100 results in a highly 

defective Brucite-like (turbostratic) structure, where all the Ni(II) ions are located within an octahedral 

environment (red). 

Concerning the intermediate binary samples, once part of the Co ions are increasingly 

replaced by Ni ones form the initial solution, all the main diffraction signals observed 

along the 30º < 2-theta < 40º and 50º < 2-theta < 62º ranges depict a monotonous shift 

towards higher angles, or shorter interatomic distances, in perfect agreement with the 

incorporation of a smaller cation (see Figure 1B). Interestingly, the basal plane spacing 

given by the {003} and {006} signals remains almost invariant for samples Ni0 to Ni75. 

However, up to the sample Ni80, highly coalesced diffraction signals are noticeable 

indicating an almost total turbostratic disorder. In addition, textural changes are evident 

by broadened diffraction peaks, occurring in the intra as well as interlamellar domains, 

indicating a hindered crystal growth due to the presence of Ni, as also corroborated by 

electron microscopy inspection (see Figure S2). 

In order to provide further information regarding the environment of each cation, UV-Vis 

diffuse reflectance spectroscopy was performed (see Figure 1C). In the case of sample 

Ni0, the band present in the range of 400 - 550 nm results from a contribution of two 

peaks commonly centered at 470 and 530 nm, belonging to the of 4T1g to 4T1g(P) and 

4A2g(F) transitions of Co(II)Oh coordinated by weak-field ligands. In addition, an 

inherently intense band around 600 – 700 nm can be assigned to the 4A2(F) to 4T1(P) 

transition of Co(II)Td.51,61 In the opposite extreme, the sample Ni100 presents three bands 

centered at 400, 680 and 760 nm belonging to 3A2g to 3T1g(P), 3T1g(F), and 1Eg(D) 

transitions of Ni(II)Oh, respectively.62 Most binary samples can be interpreted on the basis 

of a decreasing contribution of the Co(II)Oh and Co(II)Td bands accompanied by a rise of 

10.1002/chem.202001944

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



8/26 

 

the signal ascribed to the Ni(II)Oh characteristic bands. Nevertheless, sample Ni90 does 

not follow this trend since the characteristic sharp bands centered around 600 – 700 nm 

are practically missing, suggesting the absence of Co(II)Td. Figure 1D presents the 

dependence of basal space (calculated as dBS = ½ [d003 +2·d006]), deduced from {003} and 

{006} reflections as well as the intralayer average cation-to-cation distance (a parameter), 

proportional to the {110} reflection (calculated as dintra = 2·d110). 

Besides the structural parameters on both ends of the specimen family, Ni0 and Ni100, 

coincide with the chloride containing α-hydroxides reported before.51,63 Two scenarios 

are noticeable for the binary phases. While samples from Ni0 to Ni80 adopt the 

Simonkolleite-like structure with Co(II)Td (blue zone), where the cation-to-cation average 

distance contracts with increasing Ni(II) contents, the tendency and magnitude of this 

distortion is similar to the one observed for hydrothermally-aged brucitic 𝛽 −

𝐶𝑜1−𝑥𝑁𝑖𝑥 (𝑂𝐻)2 solid solutions obtained by ARR methods;64 and obeys to the inherent 

differences in ionic radii (𝑅𝐶𝑜(𝐼𝐼)𝑂ℎ = 0.745 Å; 𝑅𝑁𝑖(𝐼𝐼)𝑂ℎ = 0.69 Å).65 

Nowadays there is a generalized misunderstanding in the literature concerning the 

structure of these phases, frequently considered as LDHs.15 Therefore, at this point it is 

important to highlight that, unlike to the LDHs structure in which M(II) and M(III) coexist 

with the same coordination environment, in the α-NiCo layered hydroxides, both ions 

have divalent oxidation state, i.e. Co(II) and Ni(II), independently of the coordination 

environment excluding the existence of M(III). Moreover, while in the case of LDHs the 

interaction between the interlayer anion and the solid is purely electrostatic, in the case 

of Co-rich α-layered hydroxides the anion is covalently linked to specific sites belonging 

to the layers. 
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Figure 1. (A) PXRD patterns recorded along the 5 – 75o range for the whole set of NiCo samples. 

synthesized. (B) Zoom-in PXRD patterns between 30 – 40o and 50 – 62o. Sample Ni0 or α-Co(II) 

hydroxide were indexed according to reference.52 (C) UV-Vis spectra (diffuse reflectance mode) as a 

function of the chemical composition. The absorption bands are attributed to the transition energy 

corresponding to Co(II) in tetrahedral (650 nm) and octahedral (500 nm) environments, as well as Ni(II) 

in octahedral environment (675 nm and 750 nm). (D) Characteristic a and c cell parameters, expressed 

as dintra (intralayer cation to cation distance) and dBS (interlayer cation-to-cation distance), as a function 

of the Ni(II) content. The blue zone depicts the compositional range in which Co(II)Td is present within 

the structure. All the samples were synthesized at room temperature employing: [CoCl2+NiCl2] = 10 

mM, [NaCl] = 100 mM, [Gly] = 400 mM, ageing for 48 h. 

  

In order to provide element-specific structural and chemical insights, all samples were 

characterized by X-Ray Absorption Spectroscopy (XAS) – near edge (XANES) as well 

as extended edge (EXAFS) –. Figure 2 depicts the Co and Ni K-edges XANES 

fingerprints. For the Ni K-edge spectra (Figure 2-left) no variation in the position of the 

absorption edge (vertical black line) as a function of Ni content is observable, being 

comparable to the pure reference β-Ni(OH)2. These results confirm that Ni(II) ions are 

immersed in an octahedral environment exclusively, as previously observed for related 

phases (Figure S3).66,67 Nevertheless, in the case of Co K-edge spectra a net shift in the 

absorption edge position towards higher energy values can be noticed for Ni(II) contents 
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higher than 60% (Figure 2-right). This shift can be associated with an increment in the 

average oxidation state of the Co atoms, which practically reaches the value for Co(III) 

reference in the sample Ni90 (see Figure S4). These results provide the first indication 

regarding the modulation of Co(III) fraction as a function of the Ni(II) content (see Figure 

S5). Interestingly, samples with increasing concentration of Co(III) present higher values 

of specific capacitance, as reported by us before.45 

 

Figure 2. Normalized XANES spectra of Ni K-edge (left) and Co K-edge (right) recorded for 

samples Ni25 to Ni90. Insets: Detail of the absorption edge region. 

 

Figure 3A-left shows the oscillations of the extended regions of the absorption spectra 

(EXAFS) at the Ni K-edges. The oscillations, as well as their corresponding Fourier 

Transformations (FT) (Figure 3B-left), which can be interpreted as a pseudo-distribution 

of the interatomic distances to the absorbing atoms, are comparable. These results confirm 

that the Ni atomic environment remains practically unaltered for all samples. However, 

in the case of Co K-edge, the samples experience a noticeable change with the Ni 

increment. A new contribution starts to arise from sample Ni60, being consolidated from 

sample Ni80 (gray zone, Figure 3A-right) and indicating that Co atoms tend to be in a 

much more defined coordination environment in terms of interatomic distances and 

number of nearest neighbors. 
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In the case of the FT for the EXAFS oscillations at the Co K-edge (Figure 3B-right), there 

are two major contributions along the 1 – 3 Å-1 range, that represent the average distances 

to the first and second coordination shell around the Co atoms, respectively. Regarding 

the first peak, the full width at half maximum (FWHM) is higher for samples with low Ni 

contents, suggesting this signal combines two Co–O distances of similar magnitude – 

Co(II)Oh and Co(II)Td –. Analogously, the smaller amplitude of this first peak in the low 

Ni content, may be associated with the presence of more than one coordination sphere, 

confirming the coexistence of Co(II)Oh and Co(II)Td. This is furthermore in good 

agreement with our UV-Vis characterization (see Figure 1-C). 

 

Figure 3. (A) EXAFS oscillations for Ni K-edge (left) and Co K-edge (right), and (B) their 

corresponding Fourier transforms for the samples Ni50 to Ni90. 

 

EXAFS fits were performed in order to obtain the structural parameters as average 

coordination numbers (N), interatomic distances (R) and structural disorder parameter 
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(σ2) for each cation. Figure S6 depicts the fits at the Ni K-edge where a two coordination 

shell model was proposed, one for the first oxygen neighbors (Ni–O) and another for the 

second neighbors (Ni–Ni,Co atoms). The results obtained from the fits (see Table S1) 

show, that the first coordination sphere hosts 6 oxygen atoms at an average distance RNi-

O of 2.04 Å, while the second sphere holds 6 Ni or Co atoms at an average distance RNi-

Ni,Co of 3.08 Å, for all samples. Each of these values are in excellent agreement with those 

expected for a Ni(II) occupancy in octahedral sites,68 confirming the structural invariance 

along the composition. 

However, due to the more complex signals recorded at Co-K edge, different models were 

employed according to the composition (see Figure S7). In samples up to a Ni content of 

70%, two Co–O coordination spheres, describing CoTd and CoOh sites were employed (in 

concordance with UV-Vis measurements). We completed the atomic environment by 

accounting for a third coordination sphere of Co,Ni atoms taking into account Co–Co,Ni 

distances in both environments. The obtained Co–O distances of 1.89 Å and 2.14 Å, are 

in excellent agreement with the crystallographic data reported for α-Co(II) hydroxide.52 

In the other set (above 70% of Ni content), Co–O environments of sample Ni80 and Ni90 

were properly described by CoOh sites exclusively (see Table S2). The shortening of Co–

O distance of 2.10 Å results from an increasing oxidation of Co ions towards the trivalent 

state (𝑅𝐶𝑜(𝐼𝐼)𝑂ℎ = 0.745 Å; 𝑅𝐶𝑜(𝐼𝐼𝐼)𝑂ℎ = 0.61 Å).65,69 After the understanding of the 

structural impact of increasing Co(III) contents as a function of Ni(II) substitution, a 

microscopic description by DFT+U was required to envision the chemical basis for this 

tendency for oxidation. 

In the context of based DFT+U calculations, we have optimized the Hubbard parameter 

(U) for Co atoms in the case of β-Co(OH)2, reproducing correctly the magnetic properties 

of this phase.35 Then we realize a systematic computational study of the structural and 

magnetic properties of a layered family of α-Co(II) hydroxichlorides, analyzing the 

influence of U on the electronic and magnetic behavior.36 Finally, we demonstrated an 

excellent correlation between the experimental measurements and theoretical results, 

concerning to electrical and magnetic properties of α-Co(II) hydroxyhalide family 

compounds.50 

As a first step to provide an atomistic description of the electronic structure of these 2D 

α-NiCo layered hydroxides, it is mandatory to establish the most stable configurations in 

terms of occupation of tetrahedral positions. To investigate the crystallographic 

10.1002/chem.202001944

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



13/26 

 

distribution, a Simonkolleite-like family of representative lattices, obeying the general 

formula (𝐶𝑜, 𝑁𝑖)8
𝑂ℎ(𝐶𝑜, 𝑁𝑖)2

𝑇𝑑(𝑂𝐻)18𝐶𝑙2 was analyzed by means of DFT+U 

calculations. For any Ni:Co ratio, the extreme scenario, in which all the tetrahedral sites 

were occupied exclusively by Co(II), following the formula 𝑁𝑖8−𝑛
𝑂ℎ 𝐶𝑜𝑛

𝑂ℎ𝐶𝑜2
𝑇𝑑(𝑂𝐻)18𝐶𝑙2, 

remained more stable than the counterparts where all the tetrahedral sites were occupied 

by Ni(II) ions, following the formula 𝑁𝑖6−𝑛
𝑂ℎ 𝐶𝑜𝑛+2

𝑂ℎ 𝑁𝑖2
𝑇𝑑(𝑂𝐻)18𝐶𝑙2 (see Figure S8 and 

S9). In all cases, the energy differences were calculated taking into account an 

antiferromagnetic coupling between the two types of ions environment, as we have 

previously reported.36,50 Hence, DFT+U calculations confirm the occurrence of a specific 

occupation of tetrahedral sites by Co(II) ions in perfect agreement with UV-Vis and 

EXAFS characterization. 

After establishing the stable configuration of these phases, ruled by the presence of 

Co(II)Td exclusively, supercells with the formula 𝑁𝑖15−𝑛
𝑂ℎ 𝐶𝑜𝑛

𝑂ℎ𝐶𝑜2
𝑇𝑑(𝑂𝐻)32𝐶𝑙2 (with 3 ≤ 

n ≤ 14) were simulated in order to study the influence of NiOh:CoOh ratio over the 

electronic structure of these lattices. For this set of structures, the environment of CoTd, 

defined by the CoTd–OH and CoTd–Cl distances remains invariant even for the supercell 

containing Co(II)Td exclusively (𝑁𝑖15
𝑂ℎ𝐶𝑜2

𝑇𝑑(𝑂𝐻)32𝐶𝑙2), confirming the inherent rigidity 

of these units observed by EXAFS. Figure 4 depicts the Projected Density of States 

(PDOS) belonging to four different supercells: NiDFT+U29 (𝑁𝑖5
𝑂ℎ𝐶𝑜10

𝑂ℎ𝐶𝑜2
𝑇𝑑(𝑂𝐻)16𝐶𝑙2), 

NiDFT+U58 (𝑁𝑖10
𝑂ℎ𝐶𝑜5

𝑂ℎ𝐶𝑜2
𝑇𝑑(𝑂𝐻)16𝐶𝑙2), NiDFT+U65 (𝑁𝑖11

𝑂ℎ𝐶𝑜4
𝑂ℎ𝐶𝑜2

𝑇𝑑(𝑂𝐻)16𝐶𝑙2) and 

NiDFT+U71 (𝑁𝑖12
𝑂ℎ𝐶𝑜3

𝑂ℎ𝐶𝑜2
𝑇𝑑(𝑂𝐻)16𝐶𝑙2), where 29, 58, 65 and 71 describe Ni content (as 

percentage of cationic positions) in the supercell. For low Ni contents, the electronic 

structure resembles that of the bare layered CoOh
15CoTd

2(OH)16Cl2 where the p states of 

Cl and O atoms have a larger contribution to the valence bands with an Egap ~ 1.6 eV. 

(Figure 4, panels A and B).37 With the increment of Ni atoms in the supercell, the d 

orbitals from Ni(II) begin to add major contributions to the conduction bands (see Figure 

S10 and S11). However, the electronic structure drastically changes for samples 

NiDFT+U65 and NiDFT+U71 (Figure 4, panels C and D). Remarkably, in these cases, 

localized states belonging to certain specific CoOh centers appear on the Fermi level, 

turning the system prone to oxidation. 
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Figure 4. Total and projected density of states (PDOS) for a single layer of 𝑁𝑖15−𝑛
𝑂ℎ 𝐶𝑜𝑛

𝑂ℎ𝐶𝑜2
𝑇𝑑(𝑂𝐻)32𝐶𝑙2 

supercells with increasing Ni(II) contents. The Ni(II) content was denoted on the supercells with 

NiDFT+U(%Ni), being the %Ni 29(A), 58(B), 65(C) and 71(D). In gray is depicted the appearance of 

localized states form CoOh on the Fermi level. 

 

In order to understand the dramatic changes on the electronic structure of Simonkolleite-

like NiCo layered hydroxide, a detailed examination of the coordination environment of 

the CoOh atoms was carried out. Figure 5 depicts the electronic behavior of d orbitals for 

CoOh ions in NiDFT+U29 and NiDFT+U65 supercells. In the case of the lowest Ni content, 

their octahedral geometry remains identical to those of a pure α-Co(II) phase,51 exhibiting 

CoOh–OH distances equal to 2.11 Å. Nevertheless, with the increment of Ni(II), the 

coordination sphere of CoOh ions experiences a structural distortion, that results in a 

compression-elongation of the Co–OH distances. The six CoOh–OH distances split into a 
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set of different values: four compressed distances of 2.10 Å and two elongated to 2.12 Å. 

This distorted environment promotes a double degeneration of the d orbitals, affecting 

mainly the dxy, dzx, dzy and dx
2
-y

2 orbitals. Thus, new states on the Fermi level appear; the 

supercell NiDFT+U71 confirms the trend (see Figure S12). The local distortion of CoOh and 

lattice contraction suggested by the DFT+U calculations (see Figure S13) are in perfect 

agreement with the overall compression of the intralayer distances (or a parameters) 

obtained from PXRD (Figure 1D), as well as EXAFS analysis (see Table S1 and S2). 

 

Figure 5. Projected density of states (PDOS) for the d orbitals corresponding to the two different Ni:Co 

ratio resulting in two Co(II) ions environments inside the layer. Upper panel depicts the NiDFT+U29 

sample where Co(II) ions remain unaltered with respect to the bare Co structure. Lower panel depicts 

the NiDFT+U65 sample where the compression-elongation of the Co–OH distances promote the double 

degeneration of d orbitals known as “cis distortion”. In gray is remarked the contribution of dxy, dzx, dzy 

and dx
2
-y

2 orbitals in the localized states on the Fermi level. 
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This behavior known as “cis distortion”,70,71 has been reported before for six-fold-

coordinated Cu(II) coordination compounds72,73 as well as several clathrochelates 

metalloligands,74,75 providing a versatile tool to tune the electronic properties of the 

metallic centers.76 Moreover, this approach was recently employed to effectively stabilize 

highly oxidized centers as Fe(IV) in aqueous solution, under ambient conditions.77 It is 

important to point out that these localized states are unstable and thermal fluctuations will 

promote the oxidation of Co centers. In our case, this kind of double degeneration 

resemble a high-spin d7 metal ion with ideal tetragonal prism (D3h) geometry, in which 

the magnetic anisotropy induced by first-order Spin Orbit Coupling (SOC) over the non-

bonding d orbitals partially filled, induces the double degeneration of d orbitals70,72,78,78,71 

However, to the best of our knowledge this is the first report for layered hydroxides in 

which the so-called “cis distortion” can modify the electronic nature of 2D materials 

allowing the oxidation of the metallic centers and, hence, tune the electrochemical 

behavior of the resulting materials. Interestingly, the α-NiCo layered hydroxides analyzed 

in this work exhibit their optimum performance in terms of specific capacitance for 

compositions that hold significant fractions of Co(III), as we reported before.45 

Specifically, we found the higher specific capacitance of 2091 F/g (obtained at a 

discharge current density of 0.5 A/g) for samples with more than 80% of Ni.45 Our 

previous electrochemical measurements, in agreement with over reports with 

hydroxylated phases containing Co(III),20,24,27,28,29 support the current claims regarding 

the role of these oxidized centers in the improvement of electrochemical properties of α-

NiCo layered hydroxides. In fact, the current experimental and computational findings, 

mutually confirm the occurrence of a new type of layered structure, where two different 

environments (octahedral and tetrahedral) and two oxidation states (divalent and 

trivalent) coexist. Then, this unique and inherently complex structure, herein named 

“meta layered hydroxide” (mLH), combines in a single phase the inherent functionalities 

of the layered double hydroxides and the simonkolleite-like layered basic salts.87 
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Conclusions 

The description of the inherently complex structure of α-NiCo layered hydroxides, 

governed by the coexistence of CoOh and CoTd, and NiOh centres, can be simplified in 

terms of the interplay of inherently rigid units, CoTd, and NiOh, that share a common 2D 

lattice with more distortable CoOh centers. The proper synthetic tuning of the Ni:Co ratio 

results in a critical compressive force driven by NiOh promoting a “cis distortion” over 

the CoOh units. These distorted CoOh centers tend to populate the Fermi level with their d 

states, enhancing their reactivity and allowing their oxidation to Co(III), resulting in 

increasing fractions of Co(III) centers stabilized in well-defined octahedral coordination 

environments that depend on the Ni(II) content. This finding clearly demonstrates how 

the stabilization of higher oxidation states is driven by a tuned coordination environment; 

a coordination chemistry concept that was traditionally restricted to molecular entities, 

can be naturally extended to synthetic 2D materials. The current study demonstrates on 

solid basis how an advanced synthetic method, as the Epoxide Route, allows to produce 

well-defined 2D compounds in which the tunable oxidation state of the transition metal 

cations can be designed and understood on rational basis, in order to enhance the 

electrochemical performance of these layered materials. 
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Angelomé for access to UV−Vis reflectance facilities and the inspiring moments. The 

authors thank Dr. Christian Dolle for the valuable discussion. Specially, we are deeply 

grateful to Prof. Damian Scherlis for his generous advice and fruitful comments. 

  

10.1002/chem.202001944

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



18/26 

 

Materials and Methods 

Chemicals. Cobalt chloride hexahydrate (CoCl2.6H2O), nickel chloride hexahydrate 

(NiCl2.6H2O), sodium chloride (NaCl) and glycidol (Gly) were purchased form Sigma-Aldrich. 

All chemicals were used as received. Milli‐Q® water was obtained from a Millipore Milli‐Q 

equipment. 

 

Synthesis. Typically, precipitations were driven by aging for 48 h at 25 ºC 100 mL of filtered 

solutions containing NaCl (100 mM), a chloride salt of Co(II), Ni(II), or a combination of the 

aforementioned divalent cations (keeping a total cationic concentration of 10 mM) in the presence 

of glycidol (400 mM). The solids were obtained by filtration, washed three time with water and 

then with ethanol, dried at room temperature. 

 

Characterization of Solid Phases. All synthesized solids were characterized by powder X-ray 

diffraction (PXRD) using a graphite-filtered Cu Kα radiation (λ = 1.5406 Å), field emission on 

scanning electron microscopy (Carl Zeiss SUPRA 40), equipped with energy dispersive X-ray 

spectroscopy (EDS) probe. UV-Vis absorption spectra of the solid samples were recorded in a 

reflectance mode using an Ocean Optics spectrometer. 

 

X-ray Absorption Spectroscopy. X-ray absorption spectroscopy (XAS) measurements were 

performed using the in-house X-ray absorption spectrometer from the Rigaku Company for Co 

and Ni K-edges. Co and Ni K-edges XANES+EXAFS spectra were measured at room 

temperature in transmission mode, in order to obtain representative information of the whole 

sample avoiding surface enrichment. Absorbents were prepared from fresh powder samples in 

pellets of 1.4 mm diameter and sealed with Kapton® tape (50 μm in thickness) to prevent the 

oxidation of the sample. The optimum amount of material for the measurements was calculated 

by the program XAFSMAS.79 A Si(400) single crystal was used to obtain a monochromatic 

incident beam from a Mo anode target, using a current of 50 mA in the filament and a high voltage 

of 15 kV in the tube. Intensities of incident and transmitted X-rays were measured using an argon-

filled proportional counter and a scintillation counter, respectively. EXAFS spectra were collected 

from 7550-8250 eV for Co K-edge, and between 8200-9200 eV for Ni K- edge. The incident 

photon energy was calibrated using the first inflection point of the Co K-edge (7709 eV) and the 

Ni K-edge (8333 eV) from reference foils of metallic Co and Ni, respectively. Ten spectra were 

taken with exposure times of 2 h each one. XANES data treatment was performed by subtracting 

the pre-edge background followed by normalization by extrapolation of a quadratic polynomial 

fitted at the post-edge region of the spectrum using ATHENA AUTOBK background removal 
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algorithm.80 The quantitative analysis of the EXAFS results, were performed by modeling and 

fitting the insolated EXAFS oscillations. The EXAFS oscillations (k) were extracted from the 

experimental data with standard procedures using the Athena program. The k3 weighted (k) data, 

to enhance the oscillations at higher k, were Fourier transformed. The Fourier transformation was 

calculated using the Hanning filtering function. EXAFS modeling was carried out using the 

ARTEMIS program which is part of the IFFEFIT package.81  

The oxidation average state of Co ions was deduced from the position of the absorption edge at 

the K-Co based on a calibration curve. This curve was established with three reference samples 

as follows: metallic Co foil for Co(0), Co2Al(OH)6(CO3)0.5.H2O for Co(II) and Co(NH3)6Cl3 for 

Co(III). 

 

DFT+U Calculations. All calculations were performed in periodic boundary conditions 

employing density functional theory (DFT) as implemented in the Quantum Espresso code,82 

which is based on the pseudopotential approximation to represent the ion-electron interactions, 

and plane waves basis sets to expand the Kohn-Sham orbitals. Ultrasoft-type pseudopotentials 

were adopted, in combination with the PBE formalism to compute the exchange-correlation 

term.83 The magnetic states are described through the Kohn-Sham Hamiltonian in the framework 

of spin polarized calculations, plus a Hubbard term. On the basis of our previous reports the 

incidence of the Hubbard parameter in the DFT+U calculations on the magnetic coupling and 

other properties was fixed to 4.5 eV for Co atoms. In the case of Ni atoms we explored the 

Hubbard parameter by screening its value between 3 and 8 eV. In all cases spin-orbit contributions 

were considered.84 In concordance with previous reports on structurally related phases,85, 86 we 

choose a Hubbard parameter value equal to 6 eV for Ni atoms. An energy threshold of 10-8 au 

was used for self-consistency, while for geometry optimization the convergence criteria were 10-

6 au for the energy and of 10-3 au for the forces per atom. To improve the numerical convergence 

a first-order Methfessel-Paxton spreading was implemented. The simulations were carried out on 

supercell with specific ordering of the metal polyhedra within the layer and a general formula 

(Co,Ni)Oh
n(Co,Ni)Td

2(OH)2nCl2, according to the representative metal composition obtained by 

epoxide route synthesis.46 In this formula the nickel composition, XNi was varied for analyzed the 

effects of Ni content on the electronic structure. Brillouin zone sampling was performed on these 

supercells with a Monkhorst-Pack grid, checking for convergence with respect to the number of 

k-points. The size of supercells was a = b = 9.35 Å and c = 14.7 Å (isolated layer) for n = 8, and 

a = b = 12.48 Å and c = 14.7 Å (isolated layer) for n = 15. A 4x4x1 k-point grid was used in both 

cases. 
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