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This paper details a successful synthesis and comparison of a range of tri-metal hydrotalcite-like layered
double hydroxides (LDHs) using urea hydrolysis. Transition-metal-substituted MgMAL-LDHs were
synthesized with M = Fe, Co, Ni, Cu or Zn. 5 mol% and 10 mol% substitutions were performed, where
Mg was substituted with Co, Ni, Cu and Zn, and Al with Fe. The successful synthesis of crystalline
MgMAL-LDHs was confirmed using X-ray powder diffraction (XRD) analysis. Energy-dispersive X-ray
(EDX) spectroscopy was used to identify substituted metals and determine changes in composition.
Changes in morphology were studied using scanning electron microscopy (SEM). Thermogravimetric
analysis was used to determine the effect of Fe-, Co-, Ni-, Cu- or Zn-substitution on the thermal
degradation of the MgMAI-LDH phase. The structure, morphology and thermal behavior of the LDHs
were shown to be influenced by the substituted transition metals. The observed thermal stability took
the order MgNiAl- > MgFeAl- = MgAl- = MgCoAl- > MgCuAl- > MgZnAl-LDH. The urea hydrolysis
method was shown to be a simple preparation method for well-defined crystallite structures with large
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Introduction

LDHs - known as hydrotalcite-like materials — are anionic clays
with the formula

[M17x2+Mx3+(OH)2]X+ : [(An_)x/n 'yH2O]x_ (1)

where M>", M*" and A"~ are divalent metal cations, trivalent
metal cations and interlayer anions respectively.** The study
of these materials has increased due to their wide range of
applications and tunable properties.* The most studied
applications of LDHs include their use as antioxidants,*
stabilizers®® and flame retardants for polymers,” photo-
catalytic materials,® and as UV-Vis absorption materials.” The
possibility to intercalate organic compounds into the layers of
the LDHs also make them useful for multifunctional applica-
tions, such as usage in dye sensitized solar cells, enhancement
of flame retardant properties, and resistance to thermal
degradation.'*® Most recently, the development of novel
layered materials attracts great interest in various fields."”*
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hexagonal platelets and good distribution of transition metal atoms in the substituted LDHs.

There exist many techniques to prepare LDHs, the most
common being co-precipitation, urea hydrolysis, ion exchange
and hydrothermal synthesis.>»**** LDHs can be prepared with
a variety of metal combinations that can be tailored to the
desired applications and can have different structural, chem-
ical and photoelectric properties dependent on the incorpo-
rated metals and preparation methods.?*** It has been found
that the inclusion of a third metal into the layer structure can
modify the LDHs optical properties, UV-Vis light absorption
range and catalytic properties.**?

Kang et al. investigated how the catalytic oxidation of SO,
to SOz can be improved through substitution of Fe and Mn in
co-precipitated MgAl-LDHs.*> Jablonska et al prepared
MgCuFe-LDHs using co-precipitation and characterized the
materials for use as catalysts for the selective catalytic
oxidation of ammonia to nitrogen and water vapor.** Basag
et al. synthesized CuMgAIl mixed metal oxides derived from
LDHs through co-precipitation and studied these as catalysts
for the selective oxidation of ammonia to dinitrogen. They
concluded that the different molar ratios and calcination
temperatures had an effect on the catalytic activity of the
LDHs.*® Wang et al synthesized Zn-doped MgAI-LDHs
through modified homogeneous co-precipitation and
studied the effect of thermal ageing on PVC. It was found that
Zn-based MgAIl-LDHs enhance the thermal stability of PVC.*®
Chmielarz et al. synthesized MgAl, CuMgAl and FeMgAl
mixed metal oxides derived from co-precipitated LDHs and
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doped the catalysts with noble metals. The catalytic oxidation
of ammonia to nitrogen was studied.?” Parida et al. synthe-
sized a ternary series of (Mg/Al + Fe)-CO; LDHs by co-
precipitation and tested them in the photocatalytic
hydrogen generation from water.** Kovanda et al. prepared
CuMgAIl-LDHs with different molar ratios via co-precipitation
and studied their catalytic activity in toluene combustion.*®
Chmielarz et al. studied the influence of Cu, Co and Ni
cations incorporated into hydrotalcite on the thermal
decomposition of the material. The LDHs were synthesized
using co-precipitation and the thermal behavior was shown
to be influenced by the amount of Cu, Co and Ni
substituted.** Kim et al. prepared ternary ZnAl-LDHs
substituted with Co and Cu through co-precipitation and
studied their photocatalytic effects in dye degradation.*® Liu
et al. studied FeCoAl- and ZnCoAl-LDHs with different metal
ratios. Well defined crystals were formed.** Zheng et al.
synthesized ZnMgAl-LDHs using a modified urea hydrolysis
method and studied how the concentration of Zn affects the
adsorption of methyl orange onto ZnMgAI-LDHs.** Chagas
et al. synthesized MgCoAl- and NiCoAl-LDHs and character-
ized them using a variety of techniques.*® Sakr et al. synthe-
sized MgZnAl-LDHs using a modified urea hydrolysis method
and discussed how different Zn concentrations can affect the
capturing of carbon dioxide from methane streams.** Lab-
uschagné et al. investigated the heat stabilization of flexible
PVC with 25 mol% transition metal substituted MgFeAl-,
MgCuAl-, and MgZnAl-LDH, synthesized using a hydro-
thermal method. They found that the inclusion of Zn in the
MgAI-LDH improved the color retention and that MgCuAl-
LDH acted as an HCI scavenger.*

These investigations are illustrative of the synthesis routes
applied to tri-metal LDHs and the applications for which they
have been investigated. However, as evident from the overview,
and illustrated in Table 1, the synthesis of these materials has
been dominated by co-precipitation. In addition to this, the
influence of transition metal content on the morphology and
thermal degradation of LDHs has not yet been thoroughly
investigated - importantly, a comparison between the
different transition-metal-substituted MgAI-LDH synthesized
at the same conditions is lacking.

Although infrequently used for tri-metal LDH synthesis (as
shown in Table 1) urea hydrolysis can provide LDHs with large,
thin platelets and narrow particle size distributions. This
stands in contrast to the LDHs synthesized by co-precipitation,
which typically require extensive ageing to have similar char-
acteristics. LDHs containing the transition metals Fe, Co, Ni,
Cu and Zn as substituted metals in MgAI-LDH, have - to our
knowledge - not been investigated comprehensively. It is,
therefore, the aim of this paper, to provide the reader with
a method to synthesize MgMAI-LDHs and compared the
properties with M = (Fe, Co, Ni, Cu, Zn) using urea hydrolysis.
Furthermore, this paper serves to illustrate the changes in
crystallinity and morphological- and thermal properties
between the different transition-metal-substituted LDHs as
well as with an increase in the transition metal content.

This journal is © The Royal Society of Chemistry 2019
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Experimental techniques and
characterization
Materials

Chemically pure (CP) or analytical grade (AR) reactants were
used for all experiments without further treatment. Mg(NO3),-
-6H,0, AI(NO;);-9H,0, Fe(NO;);-9H,0, Co(NO;),-6H,0,
Ni(NO;),-6H,0, Cu(NO;),-3H,0, Zn(NO;),-6H,0  were
purchased from ABCR. Urea was purchased from Sigma Aldrich.
Distilled water was used for all experiments.

Synthesis of LDHs

MgMAI-LDHs were synthesized using urea hydrolysis as
explained in literature.?> A M™ : M"™ molar ratio of 2 : 1 was
used for all LDHs. The transition metals were substituted as
follows: M/(Mg + M) = 0.05, 0.1 for Co, Ni, Cu and Zn and M/(Al
+ M) = 0.05, 0.1 for Fe (all on a molar basis). Salt solutions of
Mg(NOj3),-6H,0 and Al(NOs);-9H,0 with the required amounts
of Fe, Co, Ni, Cu and Zn salts were prepared in distilled water,
mixed in a round bottom flask, and heated to 100 °C, at which
temperature they were kept for 48 h. After the reaction mixture
was cooled down to room temperature, the slurry was filtered
and washed with distilled water. The filter cake was dried in an
oven at 70 °C for 24 h. The synthesized LDHs will be designated
the following naming convention: MgMAl-x with M = Fe, Co, Ni,
Cu, Zn and x = 5 (5% molar substitution) and 10 (10% molar
substitution) of Mg or Al.

Characterization methods

X-ray diffraction measurements were performed on a Pan-
alytical X'Pert PRO X-ray diffractometer in -6 configuration,
equipped with a Fe filtered Co-Ko. radiation (1.789 A) and with
an X'Celerator detector and variable divergence- and fixed
receiving slits. Samples were prepared according to the stan-
dardized Panalytical backloading system, which provides nearly
random distribution of the particles. The data was collected in
the angular range 5° = 26 = 80° with a step size 0.008° 26 and
a 13 s scan step time. The phases were identified using X'Pert
Highscore plus software. Scanning electron microscopy (SEM)
images were taken with a Zeiss Ultra Plus. Energy dispersive X-
ray Spectroscopy (EDX) was done with a QUANTAX FlatQUAD
from Bruker Nano GmbH. SEM samples were prepared by
distributing the LDHSs on a stub and sputter coating them with
3 nm of platinum. SEM micrographs were taken at 4.00 kV. For
SEM-EDX analysis the samples were deposited on an Au-TEM-
Grid with a 2 nm Au-holey-film. The samples were coated with
carbon before measurement. EDX studies were performed with
an accelerating voltage of 12 keV. Thermogravimetric analysis
(TGA) was performed with a heating rate of 10 °C min " using
a TGA Q5000 from TA instruments in an inert nitrogen atmo-
sphere in the temperature range of 25-1000 °C. TGA measure-
ments were performed three times and the mean value with the
corresponding standard deviation is shown in the results.

RSC Adv., 2019, 9, 3030-3040 | 3031


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra10165e

View Article Online

Paper

RSC Advances

Aniqess reway
‘Anpiqess yeay orwreudp ‘VOL “YILd

S¥ ‘SHO-dDI ‘oz1s appnaed ‘Lad ‘NAS ‘@dX [PUWLISYIOIPAH %[OoW ST uz ‘nd ‘o IVUZSIA ‘IVvnD3IN ‘Tvad3IN
157 SIA-AN PUe WIS ‘@dX SISA[OIPAY] Ba10 7°0 ‘s’0 ‘8°0 = (0D + W)/IN uz ‘ad [VODUZ ‘[VOD3d
v (st :sz)
WAL pue NFS ‘sisA[eue uoneydioard uz3 ‘v (0S : 0S) UZ3IW ‘v (S : ST)
(%74 [BIuaWa ‘VIA ‘VOI “UILA ‘adX -00 Y31M SISAJOIPAY BaIN PAYIPOIN uz3 ‘(£9°c = one1 rejowt [v/(uz + 3N)) uz ‘S IVuz3mw
uoneyrdroard 8'0 pue S0
Ty SVV ‘SIA-AN UILA ‘INAS ‘adX -00 1M SISA[OIPAY BaIN PAUIPOIN ‘ST1°0 ‘0 = SIW/UZ ‘T: 2 = [V : (SN + uz) uz VSINUZ
uondrosap-uondiospe
€7 °N pue WAS YLLA ‘VIA-VOL YN ‘AdX s1sA[01pAY a1 (e:1=x)T30 ,JN: N SONEI IB[ON IN ‘S [VODIN ‘IVODSIN
10°0 = O°H9-“IDIN
VOL ‘T0°0 = O%H¥-°[D24 ‘T0°0 = “[D0D
LY ‘XAT-INAS “GILd ‘SANVX ‘SAVXA ‘QIXd uoneydoaid-oD ‘T°0 = O°H9-¥[DIV62°0 = O°H9- D3N IN ‘00 ‘o VoIS ‘IVINSIN ‘[VODSIN ‘TV3IN
Adoosonoads
9¥ uewey pue JYLLd ‘dSN DL ‘TIX ‘@dX uonendioaid-op 2:9: 1 (v : (3N : (WA IN ‘nD ‘0D IVND3I ‘IVINSIN ‘[VOD3SIN
Aanoe ondfezeooloyd ‘AL T:T:TT:60:6T
o¥ ‘SIA-AN ‘Adoosomnoads uewey “YILd ‘@IX uonendioaid-op ‘T:620:SLT T T0:6TT:¢C 0D ‘nD [voDpuz ‘[vnpuz ‘[yuz
ddlL (62°0:0T°0)
TP ‘SIN-VLA-VOL ‘@dX 21meradwel y3iH uoneydioard-op IV : N pue (19°0 : 0T°0) SN : N IN ‘0D ‘nD EON-*0D-VSINIA
A1anoe T:0:¥
8¢ onATeIed ‘adl ‘Ldd ‘VId ‘DL ‘adx uonendioaid-op pue‘c:r:¢c:TiCcCIEIT TR0 npH IVSIAND
soniadoid xopa1 ‘1a9g (soner
LE ‘INELS ‘SINO-V.LA-DL ‘SId-SIA-AN ‘AIX uonedioaid-op OIWOIR) 67 :99:6G 6T:99: 6 ‘6T : T 91 ‘np IVSINR ‘IVSIAIND ‘IVSIN
0T:0T:0TOT:20:¢T
9¢ V.IA-DL ‘WIS ‘WAL “YLLI ‘adx uoneydiaid-op snosusdowoH ‘0T 60:STOT:€0:LT'T:0:¢C uz [VUZSIN
SIA-ANYA ‘S159) dNA[eIRd (D, 008 PUE D, 00£ ‘D, 009)
Se ‘149 ‘SINO-DLA-VOL ‘VINdA VILA ‘QiX uonendioaid-op suoneLeA ainjeraduws) ‘nY %[ou g npH [V3IWnD
ve $3593 dnATeIed ‘QIX uoneydnaid-on T:0:CPUBT:G0:C ‘T T:¢C np 2ANDIN
k43 1591 oNATRIRD ‘DSA ‘VOL WLLA ‘AdX uonedioaid-op M %0T PUB IM %S WM %T ‘MM %0 U ‘ad SATVSINUIN ‘2dIV3IN
SdX ‘WAL
1€ ‘1Ad ‘SIA-AN ‘VIA ‘VOL Y9LLA ‘QdXd uoneydioard-op 1:7=0d+1v): SN ad €0D-(2d + IV/3IN)
‘Jod SpoY3IaW UONRZIIdIORIBYD POUYIdIN SUONIBLIBA W ‘sqns HA'1

(1BY2W P2INIISANS = | ‘W 'SANS) paieblysaAul sem soljel jeyaw Jo abues e asaym uoeydioaid-0o pue sisAjodpAy ealn buisn sHQT 1e19W- 1) payiodas Ajlsnoinald T 1qel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INd 9€:6€9 5202/SGZ/0T U0 papeojumod "6TOZ Aenuer zz uo paus!idnd 8oy sse00Yy usdo

This journal is © The Royal Society of Chemistry 2019

3032 | RSC Adv., 2019, 9, 3030-3040


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra10165e

Open Access Article. Published on 22 January 2019. Downloaded on 10/25/2025 6:39:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(003)

3
&
z MgZnAl-5
5‘..:’ MgCuAl-5
= MgCoAl-5
/ MgNiAl-5
A MgFeAl-5
A MeAl
/ T T T T T T T
10 20 30 40 50 60 70
Angle (20)
b rd
//
g (003)
/ 3
.//
3
8 1N B R AT
z MgZnAl-10
a
5 MgCuAl-10
£ MgCoAl-10
7 MgNiAl-10
‘T MgFeAl-10
/ MgAl
T T T T T T
10 20 30 40 50 60 70
Angle (20)
Fig.1 (a) XRD patterns obtained for the series of M = (Fe, Co, Ni, Cu,

Zn) (5 mol%) substituted tri-metal MgMAL-LDHs and MgAl-LDH
synthesized using urea hydrolysis. (b) XRD patterns obtained for the
series of M = (Fe, Co, Ni, Cu, Zn) (10 mol%) substituted tri-metal
MgMAI-LDHs and MgAl-LDH synthesized using urea hydrolysis.

Results and discussion
X-ray diffraction (XRD)

The XRD patterns of the synthesized LDHs are shown in Fig. 1(a
and b). The reflections are narrow and very few to no

MgAl-LDH

c=3c’

c-parameter
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contaminants or side products could be observed, indicating
almost complete substitution of Fe, Co, Ni, Cu, and Zn into the
crystalline MgAI-LDH structure.*>** A high intensity for the
reflections corresponding to the (003), (006), (009) and (110)
planes of a rhombohedral crystal lattice could be observed (as
expected for materials based on a brucite structure), indicating
a high orderliness and crystallinity of the samples.>** High
platelet crystallinity and orderliness is characteristic to the urea
hydrolysis method used for synthesis.*

Clear changes in reflection intensity can be seen in Fig. 1(a
and b). Apart from the Ni-substituted LDHs, the reflection
intensity of the samples increased moving right on the periodic
table. Because of phenomenon's such as constructive interfer-
ence and preferred crystallite orientation observable in clays
which can alter the sample reflection intensities,*” an increase
in reflection intensity cannot directly be related to an increase
in sample crystallinity. An example of this would be a compar-
ison of intensities between 5%- and 10% substituted LDHs as
produced in this study. It is, however, expected that significantly
increased reflection intensities as seen upon moving right on
the periodic table upon 5 mol% and 10 mol% transition metal
substitution in the LDHs (apart from Ni) can be correlated to
increases in the sample crystallinity.

As the substitution increases, an amorphous phase can
form, which, dependent on the amount of amorphous material
present, can hinder further growth of crystals and in turn
reduce the crystallinity of the LDHs.*»* SEM micrographs
showed small amounts of unidentified material on the LDH
platelets which we believe to be amorphous material and which
will be designated as residue from hereon. The residue material
is believed to consist of oxides of the metals used for synthesis.
These phases would, due to the low intensity and broadened
nature of their diffraction patterns, remain undetected (if their
quantities are small enough)®* or be detectable as amorphous
halo’s on the XRD graphs (if present in large amounts). It was,
therefore, reasoned, that these phases existed in very small
amounts that did not influence the XRD patterns substantially,
and that the samples produced consisted mainly of the desired
LDH phase. A schematic representation of the substitution of
the transition metals into the LDH structure is shown in Fig. 2.

MgMAI-LDH
. : Layer spacing
4 3 -':‘. | dyz=c’
Ilnterlayer space

%I Width of the brucite layer

ﬁw o

Fig. 2 Schematic representation of di-metal (MgAl) and tri-metal layered double hydroxides (LDHs)(MgMAl) where M = Fe, Co, Ni, Cu, Zn

adapted from (ref. 17).

This journal is © The Royal Society of Chemistry 2019

RSC Adv., 2019, 9, 3030-3040 | 3033


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra10165e

Open Access Article. Published on 22 January 2019. Downloaded on 10/25/2025 6:39:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Table 2 Peak positions for the (003), (006) and (009) planes, interlayer distance (dgoz), crystal lattice parameters (c and a) and Crystallite sizes of
the MgMAL-LDHs with M = (Fe, Co, Ni, Cu, Zn) for 5% molar substitutions synthesized using urea hydrolysis

Sample ID 26 (003) (°) 20 (006) () 26 (009) (°) 260 (110) (%) dioos) (A) c(d) a () D (nm)
MgAl 13.613 27.451 40.893 72.242 7.547 22.769 3.035 28.2
MgFeAl-5 13.569 27.385 40.870 72.155 7.572 22.815 3.038 20.8
MgCoAl-5 13.635 27.517 40.848 72.111 7.535 22.747 3.040 33.7
MgNiAl-5 13.503 27.319 40.826 72.132 7.609 22.878 3.039 11.4
MgCuAl-5 13.635 27.495 40.827 72.088 7.535 22.757 3.040 39.7
MgZnAl-5 13.635 27.473 40.783 72.067 7.535 22.771 3.041 39.5

The layer spacing (d-spacing) can be modified by changes in
the anion or water content in the interlayer or changes in the
LDH layer composition. The isomorphic replacement of Mg>*
with M = (Co, Ni, Cu, Zn) and AI*" with M = (Fe) leads to
a change in layer spacing if the ionic radius of the substituted
metal is different to that of Mg or Al. This is observed by a shift
in reflections on the XRD pattern against those obtained for
plain MgAI-LDH and is regarded as an indication of the
successful substitution of the transition metals.****** Depen-
dent on the radius of the substituted ion, the reflections shift to
the left when a larger cation is substituted and to the right when
a smaller cation is substituted.

The ionic radii used in the following discussion were based
on a rhombohedral crystal lattice structure with VI coordina-
tion. Changes in layer distance were observed for Fe- and Ni-
substitution. The layer distances of the Co-, Cu- and Zn-
substituted LDHs remained equal or similar to those obtained
for MgAI-LDH. The substitution of AI** by Fe®" increased the
d(o03) value from 7.547 A to 7.572 A, as a possible result of the
large difference in ionic radius of AI** (0.535 A) and Fe®** (0.645
A).** The substitution of Mg?*" (0.72 A) with Ni** (0.69 A)
increased the layer distance from 7.547 A to 7.609 A even though
the Ni cation is slightly smaller than the Mg cation. It is possible
that the increase in layer spacing was observed due to an

rel. intensity (a.u.)

12.5 13.0 13.5

2°0

Fig. 3

increase in interlayer water. No change in layer distance was
observed for Co** (0.745 A), Zn** (0.74 A) and Cu®" (0.73 A)
substitution for Mg>" (0.72 A), which corresponds well to the
fact that all four metals have a similar ionic radius. Changes in ¢
and a parameters (where the ionic radius of the substituted
metal is similar) can be ascribed to changes in interstitial water
content or anion orientation/ordering. Changes in interlayer
water content would be visible in the TGA curves of the sample
through a peak shift in the differential curve between 150 °C
and 200 °C against MgAI-LDH and will be further discussed in
the TGA section.

Table 2 shows the positions of the basal planes (003), (006),
(009) and (110), the corresponding d-spacing and crystal
parameters as well as the estimated crystallite size (L). Table
2(b)f shows the crystal parameters for the 10% substituted
LDHs and can be found in the ESI. The d-spacings were calcu-
lated using Bragg's Law. Crystal parameters ¢ and a were

1
calculated with ¢ = §(3d003 + 6doos + 9doge) and a = 2d,40.

Crystallite thicknesses (based on the (003) reflection) were

estimated using the Scherrer equation L = where L is

KA
G cos 6
the mean size of crystalline domains parallel to the lattice
plane, 4 is the wavelength, K is a shape factor of 0.9 and £ is the

b
50 4
T 407 o o
E °
- Y] @
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(a) Detailed XRD pattern of reflex (003) for MgAl-LDH and MgMAL-LDH with M = Fe, Co, Ni, Cu, Zn (5 mol% sub.). (b) Correlation of atomic

radii with d-spacing and crystallite size of MgAl-LDH substituted by 5% di-valent transition metals.
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Fig. 4 SEM images of MgAl-LDH and MgMAI-LDH with M = Fe, Co, Ni, Cu, Zn (left) with the corresponding sum spectra and calculated atomic
ratios of Mg : Al: M (right).
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LDHs (C), MgNiAl-LDHs, (D) MgCuAl-LDHs and (E) MgZnAl-LDHs synthesized using urea hydrolysis.

line broadening at half maximum (FWHM) of the diffraction
peak. Compared to MgAI-LDH, the crystallite thickness
increased for MgMAI-LDH with M = Co, Cu and Zn and
decreased for MgMAI-LDH with M = Fe and Ni.

Although the crystallite thickness cannot necessarily give
a direct correlation to the platelet diameter, the crystallite
thicknesses show the same trend as seen for the atomic radii,
whereas the calculated d-spacing shows the opposite trend
(Fig. 3(b) for divalent transition metal substituted LDHs). It
might be possible that this trend could give information
regarding the number of layers of the LDH platelet with

3036 | RSC Adv., 2019, 9, 3030-3040

a change in transition metal - here a potential decrease in the
number of layers in the order Zn > Cu > Co > Mg > Ni. It was also
interesting to observe that the estimated crystallite thickness
corresponded well to the observed platelet sizes in SEM.
Correlations have previously been found by Galvao et al.**

Scanning electron microscopy (SEM)

Fig. 4 shows the SEM images of the synthesized MgAl- and the
MgMAI-LDHs. All samples showed growth of the characteristic
hexagonal platelets. The platelets were large and thin (except
those obtained for Ni- and Fe-substitution) as expected for

This journal is © The Royal Society of Chemistry 2019
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LDHs synthesized using the urea hydrolysis method. The large
dimensions of the platelets grown, stand in contrast to the
small platelet size and low crystallinity of LDHs synthesized
using co-precipitation. The large platelet size is a direct result of
the time dependency of the hydrolysis of the urea present in the
solution, which remains supersaturated to a low degree
throughout precipitation.” The morphologies of the different
transition metal substituted LDHs varied. Synthesis condition
and nature of transition metal have effect on the morphology of
LDHs as discussed previously. As the substitution of transition
metal varied the morphology is different of MgAl LDHs.'**® The
best defined platelet structure was obtained for plain MgAl-
LDH. The platelet size decreased upon Fe- and Ni-substitution
and increased upon Cu-, Co- and Zn-substitution.

Energy dispersive X-ray spectroscopy (EDX)

The EDX results (sum spectra with calculated atomic ratios of
Mg : Al : M) are also shown in Fig. 4. Using EDX, SEM and XRD
analysis, it could be shown that a good distribution of the
transition metals in the LDHs layers could be achieved bar
small amounts of residue material on the LDHs platelets. Due
to the substitution of the transition metals, the ratio of Mg : Al
was changed. The content of Mg decreased, whereas the
amount of Al increased compared to the ratio obtained for
MgAI-LDH. For the divalent transition metal substitution, the
following order was found to apply for the observed Mg content:
MgAl- > MgZnAl- > MgCuAl- > MgNiAl- > MgCoAl-LDH. The
opposite order was observed for the Al content of the investi-
gated sample area. The amount of the transition metal
successfully incorporated into the LDH layers followed the
sequence Co > Ni > Cu > Zn. Furthermore, local variations in Co
distribution were observed. We believe that the decrease in Co-
substitution occurred due to the formation of a layered o-
Co(OH), side-species with interstitially substituted Mg. The
synthesis and application of a-Co(OH), was studied by Raja-
mathi, Kamath and Seshadri (2000) and Leng et al., who ob-
tained XRD patterns very similar to those of the MgCoAl-LDH
phases in this work.>>%?

Thermogravimetric analysis (TGA)

The results of the thermal analysis obtained for the series of M
= (Fe, Co, Ni, Cu, Zn) substituted tri-metal MgMAI- synthesized
LDHs are shown in Fig. 5 and Table 3 (see ESIf). The series of
LDHs decomposed in five stages with a total mass loss of up to
50%. The weight loss as a function of temperature is shown in
Fig. 5. The obtained TGA results show a stepwise profile with
five temperature regions. The first temperature region lies
between 50 °C to 250 °C, the second between 250 °C and 350 °C,
the third between 350 °C and 500 °C, the fourth between 500 °C
to 700 °C, and the fifth between 700 °C and 1000 °C. For
temperatures up to 100 °C, adsorbed water and gases are lost.
The mass loss between 170 °C and 250 °C corresponds to the
loss of interlayer water molecules. Between 250 °C and 500 °C
the major product is CO, from interlayer CO;>~ and water vapor
formed from the dehydroxylation of OH-groups. At higher
temperatures metal oxides of the LDH phase formed.>"**%%%
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The mass loss profile and decomposition stages are summa-
rized in Table 3.} Table 3 shows the residual weight after TGA.

The substitution of the different transition metals resulted
in differences in the thermal decomposition behavior of the
LDHs as can be seen in Fig. 5. Differences in thermal stability
could be observed between all LDHs analyzed. It was found that
the presence of different transition metals in the layers of MgAl-
LDHs reduced the total weight loss. Only the 5 mol% Co-
substitution increased the weight loss with respect to MgAl-
LDH as can be seen in Fig. 5(B) and in Table 3.} Furthermore,
it was observed that an increase in the concentration of the
transition metal from 5 mol% to 10 mol% led to a decrease in
total weight loss in all tested LDHs apart from MgNiAl-LDH
(Fig. 5(C)). Differences in total weight loss can be explained by
differences in atomic weight and concentration effects as well as
changes in intermolecular forces. Finally, it could be shown that
the decomposition of the LDH structure - based on the removal
of interlayer carbonates (peak 2 in the DTA profile) - decreased
according to MgNiAl- > MgFeAl- = MgAl- = MgCoAl- > MgCuAl-
> MgZnAl-LDH. An increase in transition metal content led to
an increase in stability for Ni-substitution and a decrease in
stability for Cu- and Zn-substitution with respect to the lower-
substituted LDHs.

MgFeAl-LDH - Fig. 5(A). For Fe-substitution, the total weight
loss decreased from 43.1% (MgAI-LDH) to 40.65/39.7%
(MgFeAl-5/MgFeAl-10). First (up to 184/186 °C (MgFeAl-5/
MgFeAl-10)), adsorbed water and gases as well as interlayer
water were lost. Interlayer carbonates were decomposed up to
288/290 °C (MgFeAl-5/MgFeAl-10), and the LDH structure
dehydroxylated up to 415/405 °C (MgFeAl-5/MgFeAl-10). Finally,
the LDH phase was transformed to mixed oxide phases, as the
hydrotalcite phase does not exist above 500 °C. Weight loss
observed at higher temperatures (around 700 °C) could also
have occurred as a result of the formation of Fe,03.3%37*7

MgCoAI-LDH - Fig. 5(B). The Co-substituted LDHs provided
different results to those obtained for the other LDHs. Here the
weight loss of the 5 mol% substituted LDH (MgCoAl-5) was
44.0%, higher than that of MgAl-LDH with 43.1%. A decrease in
total weight loss with respect to MgAI-LDH to 39.9% was
observed for MgCoAl-10. Up to 169/183 °C, adsorbed water and
gases as well as interlayer water was lost. Interlayer carbonates
were decomposed up to 291/277 °C and the LDH structure
dehydroxylated up to 372-410/410 °C. Further weight loss at
higher temperatures again occurred due to the formation of

Table 3 Residual weight after TGA for different MgMAL LDHs with M =
(Fe, Co, Ni, Cu, Zn) (5 mol% and 10 mol% subs.)

Residual weight left (%)

LDHSs 5 mol% 10 mol%

MgAl 55.2 £+ 2.93 55.2 £+ 2.93
MgFeAl 58.6 + 0.43 59.9 + 0.46
MgCOAl 55.0 £ 0.26 59.2 £+ 0.69
MgNiAl 56.6 + 0.49 57.1 £ 0.15
MgCuAl 58.4 £+ 0.60 58.8 £+ 0.63
MgZnAl 57.9 £ 0.55 59.5 £+ 0.78
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Table 4 Thermogravimetric analysis data of MgMAL LDHs with M = (Fe, Co, Ni, Cu, Zn) synthesized using urea hydrolysis showing measured

residue value and theoretically calculated reside value

Theoretical Measured residue Variance from theoretical
LDHs Theoretical residue structure (mix oxides) residue (%) (%) residue (%)
MgAl 4MgO-Al,O; 57.1 56.9 0.2
MgFeAl-5 4MgO- (Aly o5Fe0.05)203 57.6 59.3 -1.7
MgFeAl-10 4MgO- (Al oFe, 1),0; 58.1 60.3 —2.2
MgCoAl-5 4(Mgy.95C00.05)0Al,O; 60.7 56.0 4.7
MgCoAl-10 4(Mgy.4C0,.1)0-AL,O; 61.3 61.1 0.2
MgNiAl-5 4(Mgy.05Ni.05)0 Al O3 60.7 58.1 2.6
MgNiAl-10 4(Mg, oNiy 1)0-AL,0, 61.3 57.6 3.7
MgCuAl-5 4(Mgy.05CUg 5)0- Al,O5 60.8 58.3 2.5
MgCuAl-10 4(Mg,.oCuy.1)0-Al, O, 61.5 58.3 3.5
MgZnAl-5 4(Mgy 952N 05)O Al,O4 60.8 58.5 2.3
MgZnAl-10 4(Mgy.0Zng 1)0- Al 04 61.5 60.5 1.0

mixed metal oxides from the LDH phase.* Similar results were
obtained in the study of the influence of Co-substitution in
MgAI-LDHs.?*4347
MgNiAI-LDH - Fig. 5(C). For Ni-substitution, the total weight
loss decreased to 41.9/42.4% from 43.1%. MgNiAl-LDH showed
a sharp increase in weight loss between 200 °C and 400 °C.
Interlayer water and adsorbed gases were lost until 190/195 °C.
Interlayer carbonates were decomposed up to 304/315 °C and
the LDH structure dehydroxylated up to 390/392 °C. Decom-
position of hydroxyl groups and carbonate anions occurred
until 668/658 °C. Further weight loss at higher temperatures
around 700 °C in Fig. 5(C) occurred due to the formation of
transition metal oxides. Similar thermal decomposition
behavior was observed by Chmielarz et al. and Curtius et al.>>*
MgCuAl-LDH - Fig. 5(D). The total weight loss for the Cu-
substituted LDHs was the same for both substitution percent-
ages (41.7%) and less than that of MgAI-LDH (43.1%). In
Fig. 5(D), it can be seen that the interlayer water was lost at
lower temperatures compared to MgAI-LDH. Adsorbed water
and gases as well as interlayer water were lost until 177/168 °C.
Interlayer carbonates were decomposed up to 262/268 °C and
the LDH structure dehydroxylated up to 413/410 °C. The peak at
849 °C in the case of 5 mol% Cu-substituted and 858 °C in the
case of the 10 mol% Cu-substituted LDHs could have occurred
due to the thermal reduction of Cu. Similar behavior was
observed at 860 °C in a previous study by Chmielarz et al., who
synthesized CuMgAI-LDH using co-precipitation.® It seems that
Cu is responsible for stabilization of MgAI-LDHs.
MgZnAl-LDH - Fig. 5(E). The total weight loss for the Zn-
substituted LDHs decreased to 41.5/39.5% from 43.1% for
MgAI-LDH. The substituted LDHs decomposed at lower
temperatures than MgAl-LDH. Adsorbed water and gases as well
as interlayer water were lost up to 181/178 °C. Interlayer
carbonates were decomposed up to 267/254 °C and the LDH
structure dehydroxylated up to 420/415 °C. Further weight loss
at higher temperatures around 700 °C occurred due to the
formation of a mixed oxide phase. Wang et al. and Sakr et al.
studied the synthesis of ZnMgAI-LDHs but did not discuss the
effect of the substitution on their thermal decomposition.****
As a comparison it can be seen that substitution of different
transition metals in MgAI-LDHs have effect on thermal stability

3038 | RSC Adv., 2019, 9, 3030-3040

of MgAl LDHs. Different morphology and structure can also be
observed from the XRD and SEM analysis for different substi-
tution of transition metal in MgAl LDHs.

Comparison of theoretical residual weight and measured
residual weight of different LDHs

The residual weight after complete calcination of LDHs (into
a mixed oxide) can be calculated from eqn (2) as previously
given by Forano et al.>®* The decomposition follows approxi-
mately through this equation, although other decomposition
phases are possible dependent on the composition of LDHs. For
the carbonate intercalated LDHs investigated in this article the
anion decomposition product is expected to be CO,.

x—

[M“,x)z*Mj*(OH)z] . [Ax/q‘f*nHzo] A(1-x)

M>*0-xM,*" 05 + yH,O + interlayer decomposition product

(2)

It is assumed that eqn (2) can also be used when calculating
the residual weights of the synthesized tri-metal LDHs - if
similar decomposition products are formed. A comparison
between theoretical residual weights calculated under this
assumption and the measured residual weights obtained
through TGA is presented in Table 4. No large deviations in
residual weight from the theoretical values were observed in any
of the samples.

No clear correlation between the residual weights and other
analyses results were observed. However, there appears to be
a correlation between the variance of the theoretical residual
weight and measured residual weight (indicated as percentage
variance from theoretical residue in Table 4) when compared to
the incomplete substitution as observed through EDX analysis.
From the results it appears that the lower the variance from the
theoretical residual weight, the higher the substitution effi-
ciency. If the atomic substitution did not occur as expected, it is
likely that some of the expected LDH phase would not have
formed (in favor of other metal complexes), thus leading to
a decrease in the measured residual weight. In the case of
trivalent metal substitution (partially replacing the Al with Fe),

This journal is © The Royal Society of Chemistry 2019
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the measured residue was more than the postulated theoretical
value. This may be attributed to the higher Mg content of the
LDH phase or an increase in interstitial water content.

Conclusion

A comprehensive understanding of LDHs is important for their
future applications as catalyst and flame retardants. Co-
precipitation, hydrothermal and modified urea hydrolysis
methods as well as a variety of metal combinations have been
studied previously. In this study, the urea hydrolysis method
was (for the first time comprehensively) used for the prepara-
tion of Fe-, Co-, Ni-, Cu- and Zn-substituted MgAI-LDH at the
same synthesis conditions, allowing true comparison between
the LDH properties with respect to morphology and changes in
thermal decomposition behavior. The LDHs were studied using
XRD, SEM, SEM-EDX and TGA.

Well defined crystals with hexagonal platelet structure and
large platelet size were obtained. Good distribution of the
transition metal in the MgAI-LDH layers could be achieved at
5 mol% substitution. The different substituted transition
metals had a notable effect on the morphology and platelet size.
The substitution percentage had a notable effect on thermal
behavior. It might be valuable to further investigate the effect of
an increasing substitution percentage in future. In conclusion,
the urea hydrolysis method provides a simple one pot synthesis
method for tri-metal LDHs that could find applications in
different research areas. It is envisaged that other tri-metal
combinations of LDHs could be synthesized using this
method and their properties further investigated.
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