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A B S T R A C T

Cobalt-chromium layered double hydroxide (CoCr LDH), α- and β- Co(OH)2 and amorphous Cr(OH)3 have been
synthesized under different reaction conditions. The obtained CoCr LDH was modified by stearic acid (SA) and
sodium stearate (SS). The obtained samples have been characterized by X-ray diffraction (XRD), Scanning electron
microscope (SEM), Ultraviolet-visible- (UV-Vis), Fourier transform infrared- (FTIR) and Energy-dispersive X-ray-
(EDX) spectroscopy. The influence of reaction conditions on product composition, structural and optical prop-
erties of the samples have been discussed in detail. The basal spacing of CoCr-LDH increased from 7.366 Å to
7.428 Å and 25.214Å after the intercalation by stearic acid and sodium stearate, respectively. The average par-
ticles size by SEM analyze was estimated to be approximately 100–150 nm and 30–50 nm for CoCr-LDH0.6M(90�C)

and CoCr-LDH0.6M(90�C)/SS nanostructures, respectively. Mixed hydroxides like α- and β- Co(OH)2 have been
obtained along with LDH at lower pH value (pH ~ 7). The number of diffraction peaks corresponding to
β-Co(OH)2 has increased with relatively decreasing of Co2þ ions in the reaction medium. At high chromium
concentrations (Co2þ:Cr3þ ¼ 1:3 and 1:5), amorphous Cr(OH)3 were formed in the experiment.
1. Introduction

Layered double hydroxides (LDHs) can be represented by the general
formula:M2þ

a M3þ
b ðOHÞ2aþ2bðX�Þb:xH2Owhere, M2þ andM3þ are cations,

and X� is an exchangeable interlayer anion [1, 2]. These perspective
materials can be used as a catalyst [2], pharmaceutical [3], biochemical
[4], photochemical [5], electrochemical [6] materials, ion-exchanger
and adsorbent [7], etc. The anion-exchange capability of LDH changes
in following sequence CO3

2� >SO4
2� >OH� >F� >Cl� >Br� >NO3

� > I�

[8]. The modification of LDH with different organic anions like
4-(12-(Methacryloylamino) dodecanoylamino) benzenesulfonate (basal
spacing (b.s.) in Zn–Al-LDH is 3.75 nm) [9], Oleate (b.s. is 3.96 nm) [10],
Stearate (b.s. is 3.05 nm) [11], 4-dodecyl benzene sulfonate (b.s. in
MgAl-LDH is 2.80, 2.96, 2.99 nm) [12] are of great importance to get
highly wide basal spacing.

Depending on the composition, well-crystallized hydrotalcite-like
structures can be obtained at a different precipitation condition. pH of
the reaction medium, the concentration and the nature of the base so-
lution, aging time and temperature, total cation concentration and the
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molar ratios of M2þ/M3þ highly influence the product properties [13].
Co-basedmaterials, such as Co3O4 [14], LaCoO3 [15], CoFe LDH [16],

NiCoLDH [17], etc., are considered as promising candidates for low-cost
and highly active oxygen evolution reaction (OER) catalysts [18, 19].
Chenlong Dong et al. have synthesized CoCr layer double hydroxide
(CoCr LDH) electrocatalyst by co-precipitation method and investigated
it as an OER catalyst [19]. Their CoCr LDH achieved an onset potential of
1.47 V corresponding to an over potential of 240 mV, and a low Tafel
slope of 81.0 mV dec�1. They have studied that OER activity of CoCr LDH
is among the best of cobalt-based materials.

In another work, cobalt/chromium-layered double hydroxide (Co/Cr
(NO3-)-LDH) nano-sheets were synthesized by simple co-precipitation
method and employed as a packed in-tube solid phase microextraction
sorbent [24]. Authors have investigated that, nanometer-sized Co/Cr
(NO3-)-LDH is a good choice for the separation and preconcentration of
acidic pesticides in aqueous samples as a result of its simple synthesis
procedure, high anion-exchange capacity and low cost compared with
other commercially available sorbents [24].

But there is very little work on the synthesis, physicochemical
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characterization and investigation of CoCr-based LDH. Herein applying
different reaction conditions CoCr-LDH have been synthesized, modified
using functional molecules and characterized by detailed interpretation.
Effect of molar ratios of metal ions, pH, reaction temperature, time and
the nature of the modified agents on the structural and optical properties
of CoCr-LDHs and mixed hydroxides are also investigated in detail.

2. Experimental

2.1. Materials and instrumentation

Cobalt (II) nitrate hexahydrate [Co(NO3)2⋅6H2O], chromium (III)
nitrate nonahydrate [Cr(NO3)3⋅9H2O], sodium hydroxide (NaOH), urea
[CO(NH2)2], stearic acid (C17H35COOH), sodium stearate
(C17H35COONa) and ethyl alcohol (C2H5OH) were used in the experi-
ment without further purification and all these chemicals were of
analytical grade. Double-distilled water was used in the preparation of
suspensions and solutions, washing the products and cleaning.

Powder X-ray diffractometer (XRD) (Bruker D2 Phaser) in CuKα ra-
diation (λ ¼ 0.1541 nm) was used in the angular range 2θ ¼ 5–80� to
characterize the structural properties of the samples. The average size of
nanoparticles has been calculated using Debye–Scherrer equation [20].
(1):

D¼ αλ
βcosθ

(1)

where, D is the particle diameter, α is the Scherrer constant (0.9), λ is the
X-ray wavelength (1.5418 Å), β is full width of half maximum (FWHM)
and θ is the Bragg's angle.

Basal spacing is determined by Bragg's Law equation from (003)
reflection [21] (2):

dðhklÞ ¼ nλ
2sinθ

(2)

where, θ is the scattering angle, n is a positive integer and λ is the
wavelength of the incident wave.

Because LDH structures are hexagonal particles with high aspect ratio
[22] the lattice parameters ‘a’ and ‘c’were calculated in a¼ b6¼c; α¼ β¼
90o; γ ¼ 120o condition, according to Eq. (3) [23].

1
d2
ðhklÞ

¼ 4
3

�
h2 þ hk þ k2

a2

�
þ l2

c2
(3)

Lattice parameters “a” and “c”were calcullated using (110) and (003)
reflections, respectively.

Optical characterization was carried out by Varian 3600 Fourier-
transform infrared (FTIR) and Specord 250 UV–vis spectrometers.
JEOL JSM-7600F Scanning electron microscope (SEM) and X-max 50
energy dispersive X-ray spectrometer (EDX) were used to characterize
the surface morphology and chemical composition of the products.
Fig. 1. XRD patterns of a) CoCr- LDH0.6M,90�C, b) CoCr- LDH0.6M,90�C –SS, c)
CoCr- LDH0.6M,90�C –SA, d) CoCr- LDH20M,90�C, e) CoCr- LDH10M,90�C.
2.2. Synthesis of CoCr-LDH-NO3 and metal hydroxides

Synthesis of CoCr-LDH-NO3 was carried out by co-precipitation and
homogeneous precipitation by urea hydrolysis methods. 40mL of 0.375M
Co(NO3)2⋅6H2O and 40mL of 0.125M Cr(NO3)3⋅9H2O solutions were
mixed and titrated with 0.6M (10M and 20M) of NaOH/water solutions
under vigorous stirring. 0.1 mol urea was added to get well-precipitated
LDHs where 0.6 M of NaOH solution was used in the experiment. The
obtained slurry solutions were aged at three different temperatures
(25�C, 90�C and 100�C) and denoted as CoCr-LDH0.6M,25�C, CoCr-
LDH0.6M,90�C, CoCr-LDH0.6M,100�C, CoCr-LDH10M,90�C and CoCr-
LDH20M,90�C corresponding to the respective reaction preceding. Using
different molar ratio of Co and Cr ions like Co:Cr ¼ 1:1, 1:3, 1:5, 3:1 and
5:1 the co-precipitation method was also used to synthesize the samples.
2

The pH of these samples was maintained constant at 7 by adding NaOH
simultaneously. All the products synthesized at different reaction pro-
ceedings were washed well with double-distilled water, air-dried and
ground into the powder. For the modification of obtained CoCr-LDH-
NO3, 0.5g of CoCr-LDH0.6M,90�C–NO3 powder was treated with 0.3% of
stearic acid (SA)/ethanol and 0.3% of sodium stearate (SS)/water solu-
tions, separately and aged for a week at 75�C temperature. The modified
CoCr-LDHs are called as CoCr-LDH0.6M,90�C-SA and CoCr- LDH0.6M,90�C-
SS.

3. Results and discussion

3.1. XRD study

The XRD patterns of obtained LDHs under different temperatures, pH
and methods were shown in Fig. 1. The characteristic reflection planes
(003), (006), (009), (012) and (110) corresponding to hydrotalcite-like
crystal structures (JCPDS file 38–0487) [24] were observed at 2θ ¼
11.86o, 23.1o, 34.13o, 38.76o, 60.34o diffraction angles (Fig. 1a).

The purpose of the modification is to intercalate the layered structure
with an organic compound and increase the basal spacing. The basal
spacing of CoCr-LDH increased from 7.366 Å to 7.428 Å and 25.214Å
after the intercalation by stearic acid and sodium stearate, respectively.
The XRD pattern of CoCr-LDH0.6M, 90�C-SA shows partial changes in basal
spacing after the modification by stearic acid (Table 1). Due to the sol-
ubility of sodium stearate in water, we could achieve a wide basal plane
spacing (d(003) ¼ 25.214 Å) with sodium stearate.

Mixed hydroxides like α- and β- Co(OH)2 have been obtained along
with LDH at lower pH value (pH ~ 7) (Fig. 2a,b). It is explained that a
small amount of hydroxide ions causes the formation of α- and β-
Co(OH)2 and amorphous Cr(OH)3 in reaction medium. Cobalt hydroxide
crystallizes in two polymorphs, α-Co(OH)2 and β-Co(OH)2 depending on
cobalt ion concentration and pH [25, 26]. The number of diffraction
peaks corresponding to β-Co(OH)2 has increased with relatively
decreasing of Co2þ ions in the reaction medium. These results are
consistent with the investigation demonstrated by Zhaoping Liu et al.
[25].

At high chromium concentrations (Co2þ:Cr3þ ¼ 1:3 and 1:5), amor-
phous Cr(OH)3 were formed in the experiment (Fig. 2d,e). Svetozar
Music et al. have investigated the hydrolyzed product synthesized from
0.1 M Cr(NO3)3 solution and 0.5 M urea at 100�C for 9 h at pHfinal ¼ 7.05
was completely amorphous [27]. After the heating it up to 360�C,



Table 1
Structural parameters of CoCr-LDHs determined from XRD pattern.

Parameters (Å) CoCr-LDH0.6M,

25�C

CoCr-LDH0.6M,

90�C

CoCr-LDH0.6M,

100�C

CoCr-LDH0.6M, 90�C-
SA

CoCr-LDH0.6M, 90�C-
SS

CoCr-LDH10M,

90�C

CoCr-LDH20M,

90�C

d(003) 7.490 7.459 7.366 7.428 25.214 7.554 7.491
d(006) 3.789 3.821 3.794 3.813 19.186 3.797 3.797
d(110) 1.551 1.532 1.544 1.532 1.540 1.517 1.521
a¼ 2d110 (latt.par.) 3.102 3.064 3.088 3.064 3.08 3.034 3.042
c ¼ 3d003 (latt.par.) 22.470 22.377 22.098 22.284 105.891 22.662 22.473
D (particle size) 37.9 41.7 29.3 33.4 27.7 166.9 111.3

Fig. 2. XRD patterns of mixed hydroxides obtained at different molar ratios (a) 5:1, (b) 3:1, (c) 1:1, (d) 1:3 and (e) 1:5 of Co2þ and Cr3þ ions (pH ¼ ~7).
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crystalline Cr2O3 has appeared [27].
The XRD patterns of CoCr-LDHs synthesized with 10M and 20M

NaOH are shown in Fig.1d,e. In spite of XRD pattern of CoCr- LDH0.6M,

90�C shows low-intensity peaks (Fig. 1a), the intensity of peaks has
increased for CoCr-LDH10M,90�C and decreased for CoCr-LDH20M, 90�C. As
can be seen from Table 1, the (003) basal plane spacing of CoCr-LDH10M,

90�C has increased and for CoCr-LDH20M, 90�C decreased. It is explained by
the structure change during the experiment in high concentrated base
solution. The average particle size of the samples obtained with 10 M and
20M NaOH solution were higher than using 0.6M NaOH. It could be
explained by the fact that, in high concentrated base solution the system
could not reach its stable state immediately. This explanation is also
shown in the reactions (4)–(7). At the start of the reaction a completely
transparent dark blue solution has obtained using 20M NaOH in the
experiment and it could be explained by the formation of amphoteric
compounds [28].

Cr(NO3)3⋅9H2O þ 6NaOH → Na3[Cr(OH)6] þ 3NaNO3 þ 9H2O (4)

Co(NO3)2⋅6H2O þ 4NaOH → Na2[Co(OH)4] þ 2NaNO3 þ 6H2O (5)

But well-dispersed suspension has formed after heating the solution at
90�C. In the meantime, the Na3[Cr(OH)6] compound has decomposed at
90�C and amorphous Cr(OH)3 and CoCr-LDH have obtained due to the
concentration of NaOH was higher in the solution.

Na3[Cr(OH)6] → Cr(OH)3þ3NaOH (6)
3

The formation of CoCr-LDH could be shown by the following reaction
(7):

3Co(NO3)2⋅6H2O þ Cr(NO3)3⋅9H2O þ 6NaOH→

Co3Cr[(OH)6]
þ3 ⋅ 3(NO3)

- ⋅ y H2O þ 6NaNO3 (7)

Using the high concentrated base solution well crystallized LDH
structures can be form if the ionic radii of the two metal ions are different
[29]. We have observed in this experiment that CoCr-LDH also crystal-
lizes better using extremely high concentrated base solution even where
these two ions have similar ionic radii (0.790 Å for Co2þ and 0.755 Å for
Cr3þ [30]. A possible reason is shown in the above reaction mechanism
(4)–(7). Here, the crystallization manifested itself more clearly with
using 10M NaOH solution (Fig. 1e). The diffraction peak intensity, (003)
basal spacing of CoCr-LDH structure and the average particle size has also
increased using 10 M NaOH in the experiment.
3.2. Morphology and chemical composition

The surface morphology of CoCr-LDH0.6M, 90�C/SS and CoCr-LDH0.6M,

90�C were characterized by SEM and EDX techniques. According to Fig.3a
and 3c, unmodified CoCr-LDH0.6M, 90�C demonstrate hexagonal nano-
plates. The average particle size by SEM analyze was estimated to be
approximately 100–150 nm and 30–50 nm for CoCr-LDH0.6M, 90�C and
CoCr-LDH0.6M, 90�C/SS nanostructures, respectively. According to this
result, the average particles size was decreased after the modification by



Fig. 3. SEM analysis (A, C) and EDX spectrum (B, D) of CoCr-LDH0.6M, 90�C/SS (A, B) and CoCr-LDH0.6M, 90�C (C, D).
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sodium stearate and it coincides with crystal size has been achieved by
XRD. The decreasing of particle size after the modification could be
explained by the influence of organic groups on the stability of the
structure. Particles size by SEM is higher than crystal size calculated by
XRD which could be explained by the coalescence of LDH crystallites has
led to the hexagonal nanoplates to low Gibb's free energy [31, 32].

According to the elemental composition by EDX analysis (Fig.3 b and
d), the cobalt and chromium content in both samples was 3/1 which
corresponds to the initial reaction processing. The number of elements on
per surface unit for CoCr-LDH0.6M, 90�C/SS compound was less (Co/Cr ¼
4.6/1.7) than CoCr-LDH0.6M, 90�C (Co/Cr ¼ 19.6/6.7). This is due to the
expansion of the structure and the growth of gaps.
3.3. Optical properties by FTIR and UV-vis spectroscopy

The FTIR spectra of CoCr-LDH0.6M, 25�C, CoCr-LDH0.6M, 90�C, CoCr-
LDH0.6M, 90�C)/SA, and CoCr-LDH0.6M, 90�C/SS were shown in Fig. 4. The
broadband at 3430–3450 cm�1 frequency observed at the spectra is
attributed to the stretching vibration of hydroxyl group which exist in
LHD layers and inter-lamellar water molecules [24, 33, 34].

To get well-crystallized LDH, urea hydrolysis method has been
applied in the experiment. The reaction undergoes by the formation of
ammonium cyanate (NH4CNO) (8) before the formation of ammonium
4

and carbonate ions (9) [35].

CO(NH2)2 →NH4CNO (8)

NH4CNOþ2H2O→2NH4
þþCO3

2- (9)

The characteristic absorption corresponding to the C–H bond
stretching saturated hydrocarbons was observed with 3 intense IR bands
at 2941cm�1, 2902 cm�1 and 2841 cm�1 [36] for CoCr-LDH0.6M, 90�C-SA
and CoCr-LDH0.6M, 90�C-SS because they contain organic groups. FTIR
spectra of CoCr-LDH0.6M, 90�C-SA and CoCr-LDH0.6M, 90�C-SS shows that,
the characteristic bands corresponding to C–H and –(CH2)n groups
shifted from 715cm�1 to 670cm�1 after the modification. A shift in the
bands corresponding C–H and –(CH2)n groups to lower wavenumber. It
is explained by the fact that, due to the interaction between organic
functional groups and positively charged layers, the energy of the
hydrocarbon chain weakened. Decrease in band intensity of the NO3

-

stretching at 1370-1380 cm�1 after the modification and shift to higher
wavenumber (to 1384 cm�1) could be explain that the anion exchange
has happened into the structure which causes faster rotation of NO3

-

anion [37]. The band at 1355 cm�1 corresponding NO3
- anions is slightly

broader for CoCr-LDH0.6M is related to the impact of "n" number in NO3
- ⋅

(H2O)n and hydrogen bonding which produces significant band broad-
ening [37, 38]. The low-frequency intense bands at 440 and 527cm�1 are
attributed to the Co–O and Cr–O bound for CoCr-LDH layers [39] (Fig. 4).



Fig. 4. FTIR spectra of the samples obtained at different temperature and modified by sodium stearate and stearic acid.
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The direct electronic transition band-gap of CoCr-LDH0.6M, 90�C and
CoCr-LDH0.6M, 90�C/-SS were calculated using Kubelka-Munk equation
(10) [40]:

[F(R∞)hν]1/n ¼ k(hν-Eg) (10)

Where, F(R∞) is Kubelka–Munk function; hν is photon energy, (eV); k
is a constant depends on samples diffuse reflectance (R∞ ¼ Rsample/
Rstandard) [41] and not depends on the thickness of bulk materials [42].
The values of n are½, 2, 3/2, 3 for direct allowed, indirect allowed, direct
forbidden and indirect forbidden, respectively. The calculated bandgap
(Eg) in the case of n ¼ 1/2 is similar to the Eg based on the extrapolation
of the absorption edge (Fig. 5). Thus, the electronic transition of
CoCr-LDH is a direct allowed process from oxygen 2p to metal ns or nd
levels [43]. Two transition bandgap values (Eg(high) and Eg(low)) were
determined by extrapolating the straight-line portion of [F(R∞)hν]2

curves with hν axes. Eg(high) values of CoCr-LDH0.6M, 90�C and
CoCr-LDH0.6M, 90�C-SS were estimated to be 6.2 and 5.95 eV and Eg(low)
5

values were estimated to be 3.5 and 3.7 eV, respectively. Thus, the
intercalation with SS and increasing the interlamellar space influence the
transition band gap. With increasing interlamellar space the electronic
transition from oxygen 2p to cobalt and chromium metal's 4s or 3d (Cr)
levels band gap decreases, which are explained with the decrease of
physical forces between the LDH lamellar.

CoCr-LDH0.6M, 90�C/SS and CoCr-LDH0.6M, 90�C compounds describe
very high–value band gap energy, that attributed to the presence of
organic and inorganic anions in LDH galleries. This result is in good
agreement with XRD results described in Fig. 1. The diffuse reflectance
UV–vis absorption maximum was shifted (~13nm) towards the low en-
ergy level is explained by the replacing of inorganic anions into the
organic group.

4. Conclusions

In this paper, we have discussed the synthesis and modification of
cobalt chromium-layered hydroxide and mixed hydroxides under



Fig. 5. Diffuse reflectance UV–visible absorption spectra (A) and variation of [F(R∞)hν]2 versus hν of CoCr-LDH0.6M, 90�C and CoCr-LDH0.6M, 90�C-SS.
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different reaction proceedings. Mixed hydroxides like α- and β- Co(OH)2
have been obtained along with LDH at lower pH value (pH ~ 7). At high
chromium concentrations (Co2þ:Cr3þ ¼ 1:3 and 1:5), amorphous
Cr(OH)3 were formed from the experiment. The basal spacing of CoCr-
LDH increased from 7.366 Å to 7.428 Å and 25.214Å after the interca-
lation by stearic acid and sodium stearate, respectively. We have
observed in this experiment that CoCr-LDH also crystallizes well using
extremely high concentrated base solution even where these two ions
have similar ionic radii (0.790 Å for Co2þ and 0.755 Å for Cr3þ). The
average particles size by SEM analyze was estimated to be approximately
100–150 nm and 30–50 nm for CoCr-LDH0.6M, 90�C and CoCr-LDH0.6,

M90�C/SS nanostructures, respectively. The decreasing of particle size
after the modification could be explained by the influence of organic
groups on the stability of the structure.

Declarations

Author contribution statement

Ofeliya O. Balayeva: Conceived and designed the experiments; Per-
formed the experiments; Analyzed and interpreted the data; Wrote the
paper.

Abdulsaid A. Azizov, Mustafa B. Muradov & Rasim M. Alosmanov:
Conceived and designed the experiments; Contributed reagents, mate-
rials, analysis tools or data.

Goncha M. Eyvazova & Sevinj J. Mammadyarova: Analyzed and
interpreted the data.

Funding statement

This work was supported by BSU 50 þ 50/2018–2019, Project: II-35-
6, Baku State University, Baku, Azerbaijan.
6

Competing interest statement

The authors declare no conflict of interest.

Additional information

No additional information is available for this paper.

References

[1] F.R. Costa, M. Saphiannikova, U. Wagenknecht, G. Heinrich, Layered double
hydroxide based polymer nanocomposites, Adv. Polym. Sci. 210 (2007) 101P.
Springer, Berlin, Heidelberg.

[2] A. Beres, I. Palinko, I. Kiricsi, F. Mizukami, Characterization and catalytic activity of
Ni–Al and Zn–Cr mixed oxides obtained from layered double hydroxides, Solid State
Ion. 141 (2001) 259–263.

[3] V. Rives, M. del Arco, C. Martin, Intercalation of drugs in layered double hydroxides
and their controlled release: a review, Appl. Clay Sci. 88–89 (2014) 239–269.

[4] M.B.S. Forte, C. Taviot-Gueho, F. Leroux, M.I. Rodrigues, F. Maugeri, Clavulanic
acid separation on fixed bed columns of layered double hydroxides: optimization of
operating parameters using breakthrough curves, Process Biochem. 51 (2016)
509–516.

[5] X.R. Wang, Y. Li, L.P. Tang, W. Zhou, S.J. Li, W.Y. Shi, A reversible photochromic
switch based on self-assembly of layered double hydroxide and decatungstate, Sens.
Actuators B Chem. 223 (2016) 634–640.

[6] W. Sun, Y.Q. Guo, Y.P. Lu, A.H. Hu, F. Shi, T.T. Li, Z.F. Sun, Electrochemical
biosensor based on graphene, Mg2Al layered double hydroxide and hemoglobin
composite, Electrochim. Acta 91 (2013) 130–136.

[7] E.M. Seftel, R.G. Ciocarlan, B. Michielsen, V. Meynen, S. Mullens, P. Cool, Insights
into phosphate adsorption behavior on structurally modified ZnAl layered double
hydroxides, Appl. Clay Sci. 165 (2018) 234–246.

[8] L. Lv, P.D. Sun, Z.Y. Gu, H.G. Du, X.J. Pang, X.H. Tao, R.F. Xu, L.L. Xu, Removal of
chloride ion from aqueous solution by ZnAl-NO3 layered double hydroxides as
anion-exchanger, J. Hazard Mater. 161 (2009) 1444–1449.

[9] A. Illaik, C. Taviot-Gueho, J. Lavis, S. Cornmereuc, V. Verney, F. Leroux, Unusual
polystyrene nanocomposite structure using emulsifier modified LDH as nanofiller,
Chem. Mater. 20 (2008) 4854–4860.

http://refhub.elsevier.com/S2405-8440(19)36385-6/sref1
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref1
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref1
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref2
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref2
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref2
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref2
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref2
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref2
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref3
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref3
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref3
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref3
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref4
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref4
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref4
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref4
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref4
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref5
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref5
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref5
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref5
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref6
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref6
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref6
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref6
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref7
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref7
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref7
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref7
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref8
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref8
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref8
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref8
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref8
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref9
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref9
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref9
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref9


O.O. Balayeva et al. Heliyon 5 (2019) e02725
[10] C. Manzi-Nshuti, J.M. Hossenlopp, C.A. Wilkie, Fire retardancy of melamine and
zinc aluminum layered double hydroxide in polymethyl methacrylate, Polym.
Degrad. Stab. 93 (2008) 1855–1863.

[11] J. Liu, G.M. Chen, J.P. Yang, Preparation and characterization of poly(vinyl
chloride)/layered double hydroxide nanocomposites with enhanced thermal
stability, Polymer 49 (2008) 3923–3927.

[12] M. Zubitur, M.A. Gomez, M. Cortazar, Structural characterization and thermal
decomposition of LDH/poly(p-dioxanone) nanocomposites, Polym. Degrad. Stab.
94 (2009) 804–809.

[13 ] M.V. Bukhtiyarova, A review on effect of synthesis conditions on the formation of
layered double hydroxides, J. Solid State Chem. 269 (2019) 494–506.

[14] Y.H. Chen, J.F. Zhou, D. Mullarkey, R. O'Connell, W. Schmitt, M. Venkatesan,
M. Coey, H.Z. Zhang, Synthesis, characterization and magnetic properties of
ultrafine Co3O4 octahedra, AIP Adv. 5 (2015), 087122-7.

[15] J. Suntivich, K.J. May, H.A. Gasteiger, J.B. Goodenough, Y. Shao-Horn, A perovskite
oxide optimized for oxygen evolution catalysis from molecular orbital principles,
Science 334 (2011) 1383–1385.

[16] G. Abellan, J.A. Carrasco, E. Coronado, J. Romero, M. Varela, Alkoxide-intercalated
CoFe-layered double hydroxides as precursors of colloidal nanosheet suspensions:
structural, magnetic and electrochemical properties, J. Mater. Chem. C 2 (2014)
3723–3731.

[17] H.F. Liang, F. Meng, M. Caban-Acevedo, L.S. Li, A. Forticaux, L.C. Xiu, Z.C. Wang,
S. Jin, Hydrothermal continuous flow synthesis and exfoliation of NiCo layered
double hydroxide nanosheets for enhanced oxygen evolution catalysis, Nano Lett.
15 (2015) 1421–1427.

[18] H. Lin, Y. Zhang, G. Wang, J.B. Li, Cobalt-based layered double hydroxides as
oxygen evolving electrocatalysts in neutral eletrolyte, Front. Mater. Sci. 6 (2012)
142–148.

[19] C.L. Dong, X.T. Yuan, X. Wang, X.Y. Liu, W.J. Dong, R.Q. Wang, Y.H. Duan,
F.Q. Huang, Rational design of cobalt–chromium layered double hydroxide as a
highly efficient electrocatalyst for water oxidation, J. Mater. Chem. 4 (2016)
11292–11298.

[20] P. Scherrer, Nachrichten von der Gesellschaft der Wissenschaften zu G€ottingen,
Mathematisch-Physikalische Klasse (1918) 98–100, 1918.

[21] W.H. Bragg, W.L. Bragg, The reflexion of X-rays by crystals, Proc. R. Soc. Lond. A.
88 (1913) 428–438.

[22] S.S. Shafiei, M. Solati-Hashjin, H. Rahim-Zadeh, A. Samadikuchaksaraei, Synthesis
and characterisation of nanocrystalline Ca–Al layered double hydroxide
{[Ca2Al(OH)6]NO3⋅nH2O}: in vitro study, Advances in Applied Ceramics 112
(2013) 59–65.

[23] T. Hahn, International Tables for Crystallography, Volume A: Space Group
Symmetry. International Tables for Crystallography. A, fifth ed., Springer-Verlag,
Berlin, New York, 2005.

[24] H. Asiabi, Y. Yamini, M. Shamsayei, Using cobalt/chromium layered double
hydroxide nano-sheets as a novel packed in-tube solid phase microextraction
sorbent for facile extraction of acidic pesticides from water samples, New J. Chem.
42 (2018) 9935–9944.

[25] Z.P. Liu, R.Z. Ma, M. Osada, K. Takada, T. Sasaki, Selective and controlled synthesis
of α- and β-cobalt hydroxides in highly developed hexagonal platelets, J. Am. Chem.
Soc. 127 (2005) 13869–13874.
7

[26] P. Benson, G.W.D. Briggs, W.F.K. Wynne-Jones, The cobalt hydroxide electrode—I.
Structure and phase transitions of the hydroxides, Electrochim. Acta 9 (1964)
275–280.

[27] S. Music, M. Maljkovic, S. Popovic, R. Trojko, Formation of chromia from
amorphous chromium hydroxide, Croat. Chem. Acta 72 (1999) 789–802.

[28] R.A. Lidin, L.L. Andreeva, V.A. Molochko, Chemical Properties of Inorganic
Substances: Proc. Manual for Universities, third ed., 2000, p. 480. Corr. - M .:
Chemistry.

[29] D. Sranko, A. Pallagi, E. Kuzmann, S.E. Canton, M. Walczak, A. Sapi, A. Kukovecz,
Z. Konya, P. Sipos, I. Palinko, Synthesis and properties of novel Ba(II)Fe(III) layered
double hydroxides, Appl. Clay Sci. 48 (2010) 214–217.

[30] F.A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry, fifth ed., Wiley
Interscience, New York, 1988.

[31] S. Jana, N. Mukherjee, B. Chakraborty, B.C. Mitrad, A. Mondal, Electrodeposited
polymer encapsulated nickel sulphide thin films: frequency switching material,
Appl. Surf. Sci. 300 (2014) 154–158.

[32] O.O. Balayeva, A.A. Azizov, M.B. Muradov, A.M. Maharramov, G.M. Eyvazova,
R.M. Alosmanov, Z.Q. Mamiyev, Z.A. Aghamaliyev, β-NiS and Ni3S4 nanostructures:
fabrication and characterization, Mater. Res. Bull. 75 (2016) 155–161.

[33] M.C. Altay, Serafettin Eroglu, Non-isothermal reduction behavior of NiO in
undiluted Ar and CH4 atmospheres, Int. J. Miner. Process. 149 (2016) 50–55.

[34] N.O. Balayeva, Zamin Q. Mamiyev, Synthesis and studies of CdS and ZnS-PE/NBR
modified thermoplastic elastomeric copolymer nanocomposite films, Mater. Lett.
162 (2016) 121–125.

[35] X.L. Tianxi, H. Zhu, Flame Retardant Properties of Polymer/Layered Double
Hydroxide Nanocomposites, in: J.K. Pandey, et al. (Eds.), Handbook of Polymer
Nanocomposites. Processing, Performance and Application – Volume A: Layered
Silicates, Springer-Verlag Berlin Heidelberg, 2014.

[36] J. Wade, L.G. Organic Chemistry, sixth ed., Pearson Prentice Hall Inc., 2006.
[37] D.J. Goebbert, E. Garand, T. Wende, R. Bergmann, G. Meijer, K.R. Asmis,

D.M. Neumark, Infrared spectroscopy of the microhydrated nitrate ions NO3-(H2O)
1-6, J. Phys. Chem. A 113 (2009) 7584–7592.

[38] J. Coates. Interpretation of infrared spectra, a practical approach. Encyclopedia of
Analytical Chemistry. R.A. Meyers (Ed.) Copyright John Wiley & Sons Ltd

[39] S. Aisawa, S. Takahashi, W. Ogasawara, Y. Umetsu, E. Narita, Direct intercalation of
amino acids into layered double hydroxides by coprecipitation, J. Solid State Chem.
162 (2001) 52–62.

[40] R.A. Smith, Semiconductors, second ed., Cambridge University Press, Cambridge,
1978.

[41] J. Torrent, V. Barron, Encyclopedia of Surface and Colloid Science, Marcel Dekker
Inc., NewYork, 2002.

[42] A.A.A. Ahmed, Z.A. Talib, M.Z. bin Hussein, A. Zakaria, Zn–Al layered double
hydroxide prepared at different molar ratios: preparation, characterization,optical
and dielectric properties, J. Solid State Chem. 191 (2012) 271–278.

[43] N. Ahmed, Y. Shibata, T. Taniguchi, Y. Izumi, Photocatalytic conversion of carbon
dioxide into methanol using zinc–copper–M(III) (M ¼ aluminum, gallium) layered
double hydroxides, J. Catal. 279 (2011) 123–135.

http://refhub.elsevier.com/S2405-8440(19)36385-6/sref10
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref10
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref10
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref10
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref11
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref11
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref11
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref11
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref12
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref12
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref12
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref12
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref13
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref13
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref13
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref14
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref14
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref14
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref14
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref14
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref15
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref15
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref15
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref15
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref16
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref16
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref16
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref16
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref16
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref17
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref17
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref17
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref17
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref17
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref18
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref18
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref18
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref18
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref19
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref19
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref19
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref19
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref19
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref19
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref20
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref20
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref20
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref20
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref21
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref21
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref21
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref22
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref22
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref22
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref22
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref22
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref22
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref22
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref22
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref22
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref22
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref23
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref23
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref23
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref24
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref24
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref24
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref24
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref24
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref25
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref25
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref25
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref25
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref25
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref25
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref26
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref26
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref26
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref26
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref26
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref27
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref27
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref27
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref28
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref28
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref28
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref29
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref29
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref29
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref29
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref30
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref30
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref31
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref31
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref31
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref31
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref32
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref32
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref32
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref32
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref32
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref32
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref32
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref33
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref33
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref33
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref34
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref34
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref34
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref34
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref35
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref35
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref35
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref35
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref35
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref36
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref37
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref37
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref37
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref37
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref39
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref39
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref39
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref39
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref40
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref40
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref41
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref41
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref42
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref42
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref42
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref42
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref42
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref43
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref43
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref43
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref43
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref43
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref43
http://refhub.elsevier.com/S2405-8440(19)36385-6/sref43

	Cobalt chromium-layered double hydroxide, α- and β- Co(OH)2 and amorphous Cr(OH)3: synthesis, modification and characterization
	1. Introduction
	2. Experimental
	2.1. Materials and instrumentation
	2.2. Synthesis of CoCr-LDH-NO3 and metal hydroxides

	3. Results and discussion
	3.1. XRD study
	3.2. Morphology and chemical composition
	3.3. Optical properties by FTIR and UV-vis spectroscopy

	4. Conclusions
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	References


