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A B S T R A C T   

Layered double hydroxides (LDH) belong to a class of highly versatile compounds used in a myriad of appli
cations such as energy storage, catalysis, heavy metal adsorption, etc. Given the high tunability of its structure, 
ranging from different metal cations to different types of intercalations, LDH can be readily customised to suit the 
intended applications. One of the inherent problem of LDH lies in their carbonate contamination. The presence of 
CO3

2− anions in the intercalation greatly affects the versatility and tunability of LDH. Carbonate intercalation also 
poses as an interfering species for reactions involving carbonate as intermediates or final products. Unfortu
nately, existing synthesis procedures of LDH produce either carbonates during the precipitating process or poorly 
crystallised LDH that absorbs atmospheric carbon dioxide to form carbonates during the drying process; either 
way results in carbonate contaminated LDH. In this work, we address the problem with the use of ethylenedi
amine (EDA) complexation followed by controlled decomplexation to prepare CoAl LDH (LDH-EDA). It is shown 
that the obtained LDH-EDA is carbonate-free and outperforms the CoAl LDH obtained using conventional urea 
method (LDH-Urea) in terms of crystallinity, surface area and pseudocapacitive properties. Through a detailed 
experimental and computational study of the preparation mechanism, we propose that ammonium nitrate acts as 
an acid that mediates the decomplexation of the cobalt (II) trisethylenediamine complex, freeing Co2+ ion in a 
control manner for the second precipitation process. The multistep process has allowed a controlled rate of 
formation of LDH, resulting in the highly crystalline LDH-EDA microstructures with pure nitrate intercalation 
and a flower-like morphology.   

1. Introduction 

Layered double hydroxides (LDH) are layered structures made up of 
edge-sharing octahedrons of mixed metal hydroxides separated by 
interlayer of hydrated anions. It is defined by the general formula [M2+

1- 

xM3+
x (OH)2]x+ [(An-)x/n, y H2O] where M2+ is divalent metal ion, M3+ is 

trivalent metal ion and An- is interlayer anion (Evans and Slade, 2006). 
The LDH structure provides much versatility for intended applications, 
e.g. the pair of metal cations can be altered to optimize the electro
chemical and photochemical properties. Depending on the ratio of the 
cations used, LDH of varying metal cation ratio can be prepared, 
resulting in different electrochemical characteristics of the LDH (Gupta 
et al., 2008). As for the anions, they can be exchanged with other anions 
or other guest molecules to alter the structural and chemical properties 
of the LDH. The order of affinity of anions to the LDH layers has been 
studied experimentally and computationally as follows: CO3

2− > OH− >

F− > Cl− > Br− > NO3
− (Miyata, 1983; Costa et al., 2012). 

Due to the high affinity of carbonate anions in the layers, LDH ap
plications that capitalize on anion exchange within the interlayer space 
will be impeded, e.g. removal of oxyanions (Goh et al., 2008), drug 
transport (Bi et al., 2014) and interlayer polymerization of polymers 
(Wang and Ohare, 2012). The presence of strongly-held carbonate an
ions not only affects the efficacy of these applications, it also limits the 
formation of LDH composites relying on such exchange reactions. Be
sides, carbonate intercalation may constitute also a possible source of 
carbon contamination for CO2 capturing and reduction reactions (Chong 
et al., 2018). Such contamination may have resulted in false positive or 
overstated values, giving rise to repeatability issues in the literatures. 
Hence, it is clear that having carbonate intercalation in the LDH layers 
poses a troubling issue for research in various different fields. 

To overcome the aforementioned problems, research attention has 
been focused on the preparation of LDH that are intercalated with other 
anions, e.g. nitrate, which have relatively lower affinity to the LDH 
layers. A common method to prepare nitrate intercalated LDH is via co- 
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precipitation, where a precipitant such as sodium hydroxide or aqueous 
ammonia is used (Forano et al., 2013). This method is versatile in the 
choices of metal cations and the intercalated anion species, since most 
LDHs can be precipitated out at a given pH range. A major limitation of 
this technique, however, is the uncontrollable growth of LDH, resulting 
in crystals of low crystallinity and without apparent morphology. In a 
study conducted by Hibino, air-dried LDH of lower crystallinity were 
found to have significantly lower anion exchange abilities when 
compared to the equivalent LDH of higher crystallinity (Hibino, 2015). 
It was proposed that atmospheric carbon dioxide dissolved in water 
forms carbonate anions that bind strongly to the LDH surface throughout 
the slow drying process. This shows that high crystallinity and 
controllable growth play important roles in maintaining the durability 
and effectiveness of LDH in its applications, but these are qualities that 
standard co-precipitation methods cannot provide. 

The controlled release of ammonia, via the heating of urea, as a 
source of hydroxide ions has been used to provide highly crystalline 
plate-like LDH crystals (Liu et al., 2006). However, a shortcoming of this 
urea hydrolysis method is the production of carbonate anions as a by- 
product that intercalate in the LDH layers. Iyi et al. have attempted to 
replace urea with hexamethylenetriamine (HMT) (Iyi et al., 2004). 
Unlike urea, HMT hydrolyses to form ammonia and formaldehyde, of 
which the latter is not intercalated directly into the interlayer space. The 
final samples obtained were still carbonate-intercalated, nevertheless, as 
carbonate anion may be formed via the oxidation of methanoic acid due 
to the oxidation of formaldehyde (Moore, 2011). Although the use of an 
acid salt solution to de-intercalate LDH has shown to be effective, this 
technique is not very widely used, mainly because the acidic solution 
might compromise the LDH structure (Hibino, 2014). 

In 2011, Inayat et al. reported the synthesis of nitrate intercalated 
ZnAl LDH, employing the refined urea method (Inayat et al., 2011). 
They observed that, in the presence of ammonium ions and excess ni
trate ions, it is possible to obtain nitrate-intercalated ZnAl LDH. How
ever, the synthesised ZnAl LDH samples consisted of thick slabs of LDHs 
adhered together. Such morphology does not benefit the usage of LDHs 
in applications where surface area or active sites play an important role. 
The existing synthesis methods have difficulty in synthesising 
carbonate-free LDHs that are crystalline with well-defined morphology. 

Herein, we report a method to synthesize carbonate-free CoAl LDH 
using ethylenediamine (EDA) and ammonium nitrate. Our experimental 
and computational studies elucidated a controlled complexation- 
decomplexation route and the role of NH4NO3 in mediating the reac
tion. The prepared LDH was found to be nitrate intercalated and have a 
flower-like morphology with high surface area. When compared with 
LDH synthesised using the urea method, the LDH synthesised with EDA 
was found to be superior in terms of crystallinity, surface area and 
pseudocapacitive properties. 

2. Experimental section 

2.1. Materials used 

All reagents used including Co(NO3)2.6H2O, Al(NO3)3.9H2O, 
NH4NO3, ethylenediamine (EDA), Nafion and urea were obtained from 
Sigma-Aldrich and used without further purification. 

2.2. Preparation procedures 

2.2.1. Synthesis of CoAl LDH with EDA 
In a typical procedure, 6.68 mL of EDA was dissolved and stirred in 

25 mL of deionised water in a two-neck round bottom flask (RBF). A 
certain concentration of NH4NO3 was dissolved in 50 mL of deionised 
water and then split into two portions to dissolve Co(NO3)2.6H2O (6.39 
g) and Al(NO3)3.9H2O (5.45 g) separately. After all solids have dissolved 
completely, the Al(NO3)3.9H2O solution was first added to the mixture 
in RBF followed by the Co(NO3)2.6H2O solution. The reaction mixture 

was then topped with 25 mL of deionised water and then purged with N2 
gas. After purging, the solution was stirred at 350 rpm and refluxed at 
~100–101 ◦C for 48 h. (Colour changes at various stages of the synthesis 
are illustrated in Supporting Information Fig. S1). After cooling to room 
temperature, the product was isolated, washed with deionised water and 
anhydrous ethanol by centrifugation at 4000 rpm for 5 min until the 
supernatant appeared clear. The pink CoAl LDH obtained were left to 
dry in vacuum overnight. In the elucidation of reaction mechanism, LDH 
samples prepared with varying concentration (0.05 to 2.0 M) of NH4NO3 
were studied. 

2.2.2. Synthesis of CoAl LDH with urea 
The synthesis route was adapted from Inayat et al. (Inayat et al., 

2011). The reaction set up is the same as that for LDH-EDA, with the 
exception that 6.01 g of urea was used instead of EDA. In our discus
sions, this sample is labelled as LDH-Urea when compared with LDH- 
EDA above. 

2.2.3. Electrode preparation 
Ni foam cut into 1.5 cm by 0.5 cm was used as the current collector 

for the working electrode. The Ni foam strips were first soaked in 1 M 
HCl for 15 min to remove any surface oxide present. This was followed 
by washing and sonication in water, ethanol and acetone for 5 min 
respectively. The washed Ni foam strips were then dried under vacuum 
for 24 h. About 82 mg of the active material consisting of the LDH, 
carbon black and Nafion in weight ratios of 80: 10: 10 was suspended in 
ethanol and sonicated for 5 min before being drop casted onto a 0.5 cm 
× 0.5 cm area of the prepared Ni foam. The ratio of ethanol added to the 
mixture is about 1 mL to every 0.09 g of active material. 

2.3. Structural characterisation 

Powder x-ray diffraction (XRD) patterns were recorded on a Bruker 
D2 diffractometer with Cu Kα radiation (λ = 0.15406 nm) in the 2θ 
range from 5◦ to 80◦ at a scan rate of 0.05◦ s− 1. The intercalated anions 
were studied by Fourier transform infrared (FT-IR) with Bruker Alpha 
FT-IR spectrometer using KBr plates within the wavenumber region of 
400 cm− 1 to 4000 cm− 1. Morphology of the samples were studied using 
JEOL JSM 6700-F scanning electron microscope (SEM). For elemental 
analysis, 5 mg of the sample was digested with HNO3/HCl (1:3 v/v) and 
topped up to 10 mL of ultrapure water. The digested sample was ana
lysed with Perkin Elmer Optima 5300DV inductively coupled plasma- 
optical emission spectrometer (ICP-OES). Thermogravimetric analysis 
(TGA) was carried out using a Discovery Thermogravimetric Analyser. 
Sample was heated in air from room temperature to 900 ◦C at a ramping 
rate of 10 ◦C/min. Surface area of the samples were measured using the 
Quantachrome AutoSorb IQ surface area analyser at 77 K. Surface areas 
of the samples were then calculated by applying the Bru
nauer–Emmett–Teller (Brunauer et al., 1938) (BET) adsorption function 
onto the isotherm. The pore size and pore volume information were 
obtained by using the Barrett-Joyner-Halenda (BJH) method. 

2.4. Electrochemical measurements 

The electrochemical properties of the LDH samples were measured 
using a Metrohm Autolab Potentiostat in a three-electrode configura
tion. The as-prepared Ni foam substrate containing the active material 
was used as the working electrode (WE), a 3 M Ag/AgCl electrode was 
used as the reference electrode (RE) and a platinum rod was used as the 
counter electrode (CE). Cyclic voltammetry (CV) was conducted in the 
potential window of -0.1 to 0.55 V (vs Ag/AgCl) at potential scan rates of 
1, 2, 5, 10 mV/s. 

To compare the electrocapacitive properties of LDH-EDA and LDH- 
Urea, galvanostatic charge-discharge (GCD) measurements were per
formed in a potential window of 0.0 V to 0.4 V at constant current 
densities of 0.5, 1, 2, 5 and 10 A/g. The specific capacitance of the 
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sample was then calculated using the following formula: 

Cs = I Δt/mΔV  

where I is the current applied, Δt is the time taken for the complete 
discharge, m is the mass of active material and ΔV is the potential 
window. 

2.5. Computational details 

All structures were optimised without symmetry constraints on 
Gaussian 16(Frisch et al., 2016) at DFT level using the B3LYP functional 
(Vosko et al., 1980; Lee et al., 1988; Becke, 1993; Stephens et al., 1994) 
with the 6-311G(d,p) basis set (Wachters, 1970; Hay, 1977; Krishnan 
et al., 1980; Raghavachari and Trucks, 1989). Solvent effects are 
considered using the default model with water as the solvent used. Tight 
convergence criteria were used. All transition structures and minima 
were fully characterized by harmonic analysis. For each located transi
tion structure, only one imaginary frequency was obtained, and the 
corresponding vibration was found to be associated with nuclear motion 
along the reaction coordinate. 

3. Results and discussion 

3.1. Structural comparison between LDH-EDA and LDH-urea 

3.1.1. X-ray diffraction 
Fig. 1A compares XRD patterns of the LDH-EDA and LDH-Urea 

samples prepared. The first diffraction peak corresponds to the (003) 
plane, which is indicative of the basal distance between the intercalated 
layers and thus its 2θ value is anion-dependent. It is known that the 
(003) plane of a carbonate intercalated CoAl LDH appears at 2θ = 11.52◦

(JCPDS 51–0045). The (003) plane of LDH-EDA sample was found at a 
lower value of 2θ = 10.01◦, suggesting that carbonate ions are not the 
main intercalated species in this sample. The LDH-Urea sample, on the 
other hand, showed a small peaks (*) at ~11.5◦. This agrees with re
ported finding that LDH prepared from urea hydrolysis is often 
contaminated with carbonate anions. 

The XRD peaks of LDH-EDA are also visibly sharper than those of 
LDH-Urea, indicating much better crystallinity of the products syn
thesised via the EDA route. It is likely that the mixed intercalation of 
LDH-Urea by nitrate and carbonate anions resulted in regions of lattice 
strains and ambiguous interlayer spacings, hence giving rise to broad
ened diffraction peaks. 

3.1.2. Fourier transform infrared spectroscopy 
The presence of nitrate anion was further confirmed using FT-IR as 

shown in Fig. 1B. Both spectra show the nitrate asymmetric vibrational 

Fig. 1. A comparison of (A) XRD patterns and (B) FT-IR spectra of LDH-EDA and LDH-urea.  

Fig. 2. SEM images of (A) LDH-EDA and (B) LDH-Urea respectively. Insets show the respective zoom-in images of the flower-like morphology and the much thinner 
petals in (A). 
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mode at ~1380 cm− 1 as well as out-of-plane bending mode at ~830 
cm− 1 (Kloprogge et al., 2002). Additionally, we observe an OH 
stretching vibration at ~3470 cm− 1 and water bending mode at 1640 
cm− 1. This indicates the presence of water molecules within the LDH- 
EDA and LDH-Urea layers. While XRD data suggested low amount of 
carbonate intercalation in LDH-Urea sample, the stronger N–O asym
metric vibrational mode at 1380 cm− 1 may have covered the weaker 
C–O vibrational mode at 1360 cm− 1 in FT-IR. 

3.1.3. Scanning electron microscopy 
From the SEM images in Fig. 2, it is observed that both synthesis 

routes give rise to irregularly shaped plates that stack up to form flower- 
like structures. Such structures are known to give high surface area and 
possess an interconnected open porous morphology, which is known to 
facilitate electron transport and ion diffusion (Zhang et al., 2016). As 
shown clearly in the insets, the LDH-EDA sample has visibly thinner 
petals compared to those of LDH-Urea. A similar thinning effect on LDH 
crystallites was observed by Yang et al in their synthesis of NiMn LDH 
with EDA. They proposed that EDA adsorbs onto the surface of the 
growing LDH crystallites, hence preventing further growth of the plates 
(Yang et al., 2019). We postulate that similar surface adsorption, 
together with the controlled decomplexation of the cobalt complex (vide 
infra), will allow LDH-EDA to grow into such intricate morphology. 
Since LDH-EDA has much thinner morphology, we thus expect LDH-EDA 
to have higher surface area as compared to LDH-Urea, and this is sup
ported by the BET surface area analysis data shown in the next section 
and Table 1. 

3.1.4. Surface area and pore size analysis 
BET analysis (Table 1, details given in Supporting Information Fig. S2) 

confirmed that LDH-EDA (41.3 m2/g) has a much higher surface area as 
compared to LDH-Urea (23.0 m2/g). This significantly higher surface 
area will increase the accessibility of the Co sites, and in turn improve 
the pseudocapacitive performance of the LDH-EDA. The isotherms ob
tained for both samples have clear hysteresis loops that are character
istic of Type IV adsorption isotherms, which are associated to 
mesoporous materials (Thommes et al., 2015). Pore distribution analysis 

using the BJH method also concurs with this finding (refer to Supporting 
Information Fig. S3). 

3.1.5. Elemental and thermogravimetry analysis 
Elemental analysis data in Table 1 showed that the stoichiometric 

ratio of Co:Al in both samples deviate slightly from the feed ratio of 
1.5:1. As shown by the TGA and differential TGA (DTGA) curves in 
Fig. 3, LDH-EDA and LDH-Urea both exhibit a total mass loss of 36.9% 
and 37.71% respectively. As expected, a thermal event occurred at 
~100 ◦C, corresponding to the removal of physisorbed water on the LDH 
surfaces. The main mass loss for both samples is owing to the removal of 
hydroxyl groups and interlayer anions at 250 ◦C (Pérez-Ramírez et al., 
2001). An additional DTGA peak was observed at 180 ◦C for LDH-Urea, 
most probably associated with the removal of interlayer water molecules 
within the LDH (Babay et al., 2015). The relatively clean TGA plot 
suggests that there is no other contamination or remnant EDA in the 
LDH-EDA sample after washing. The residual mass can be attributed to 
CoxAl1O4 where x is the Co/Al mole ratio determined by elemental 
analysis (Pérez-Ramírez et al., 2001; Abdel-Aziz et al., 2020). Using the 
residual mass percentage and Co/Al mole ratio, the percentage mass of 
Co for each sample could be estimated as shown in Table 1. The result 
suggests that, in addition to better crystallinity and higher surface area, 
the prepared LDH also contains slightly higher Co content via the EDA 
synthesis route. 

3.2. The electrochemical properties of LDH-EDA and LDH-urea 

As a pseudocapacitor, the capacitance of CoAl LDH material depends 
mainly on its surface redox reactions. It has been proposed that cobalt 
hydroxide undergoes the following redox reactions (Cao et al., 2004):  

(1) Co(OH)2 + OH− ⇄ CoOOH + H2O + e−

(2) CoOOH + OH− ⇄ CoO2 + H2O + e−

The CV plots in Fig. 4A show good symmetry between the reduction 
and oxidation peaks, indicating good electrochemical reversibility of 
CoAl LDH as a pseudocapacitative material. It is noted that LDH-EDA 

Table 1 
Elemental mole ratios and mass percentage data, together with the BET analysis results of LDH-EDA and LDH-urea.  

Sample Co (ppm) Al (ppm) Co/Al mole 
ratio 

Mass percentage of Co 
(%) 

Mass percentage of Al 
(%) 

Surface area (m2/ 
g) 

Pore volume (cc 
g− 1) 

Pore radius 
/Å 

LDH-EDA 151 42 1.61 32.2 9.16 41.1 0.349 27.0 
LDH- 

Urea 
161 52 1.42 29.8 9.62 23.9 0.095 14.9  

Fig. 3. TGA and DTGA curves of (A) LDH-EDA and (B) LDH-urea.  
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has visibly higher peak currents as compared to LDH-Urea. This con
firms that LDH-EDA has more effective charge transfer within the 
sample, attributed to reasons discussed earlier. By comparing the area 
bounded by the CV curves, it is evident that LDH-EDA has a larger 
specific capacitance value as compared to LDH-Urea. 

The GCD curves of LDH-EDA and LDH-Urea charged at 2A/g are 
shown in Fig. 4B. LDH-EDA was found to have a specific capacitance of 
631 F/g while that of LDH-Urea is 449 F/g. When the samples are 
charged at 0.5, 1, 2, 5 and 10 A/g, the corresponding specific 

capacitance values are 646, 607, 631, 600 and 469 F/g for LDH-EDA 
respectively. The corresponding values for LDH-Urea, on the other 
hand, are 551, 520, 449, 382 and 217 F/g. On a per mole of Co basis 
(refer to Table 1), the LDH-EDA values are ~1.4 times (144F/111F) 
higher than the LDH-Urea values. This difference in charge storage 
abilities can be attributed to the difference in the surface area of the 
samples. 

Fig. 4C shows the specific capacitance values of both samples with 
increasing current densities. Lower current densities often yield better 

Fig. 4. Comparison of the electrochemical properties of LDH-EDA and LDH-Urea. (A) CV curves at 2 mV/s in 6 M KOH, (B) GCD curves at 2 A/g in 6 M KOH, (C) 
Current stability plot of each LDH sample, (D) Cycling stability curves at 5 A/g in 6 M KOH. 

Table 2 
Comparison of specific capacitance of CoAl-LDH based electrodes in the literature.   

LDH Surface area/m2g− 1 Specific capacitance/Fg− 1 Cycling stability Ref. 

CoAl LDH LDH-EDA 41.1 631 (2Ag− 1) 70.7% (1000 cycles) This work 
Co2.44Al1-NO3

− LDH – 682 (1Ag− 1) – (Huang et al., 2015) 
CoAl-CO3

2− LDH – 799 (1Ag− 1) 73.7% (5000 cycles) (Wang and Jin, 2021) 
Co1.77Al1-CO3

2− LDH – ca. 750 (1Ag− 1) 50.0% (2000 cycles) (Seijas-Da Silva et al., 2020) 
CoAl-CO3

2− LDH 72.7 984 (1Ag− 1) 89.1% (15,000 cycles) (Jing et al., 2019) 
CoAl-CO3

2− LDH 23.8 620 (1Ag− 1) 73.8% (1000 cycles) (Huang et al., 2017) 
CoAl-CO3

2− LDH 152 838 (1Ag− 1) 95.0% (20,000 cycles) (Zai et al., 2017) 
CoAl- OH− LDH – 169 (1Ag− 1) 100% (900 cycles) (Su and Zhang, 2007) 
CoAl-CO3

2− LDH – 335 (0.8Ag− 1) 44.9% (200 cycles) (Hu et al., 2013) 
CoAl LDH composites Co-Al LDH/rGO-3 – 1492 (1Ag− 1) 94.3% (5000 cycles) (Li et al., 2019) 

CoAl-LDH/PG-4 – 864 (1Ag− 1) 90.1 (10,000 cycles) (Zhang et al., 2017) 
GSP-LDH 35.7 1043 (1Ag− 1) 88% (3000 cycles) (Wu et al., 2015) 
CoAl LDH-NS/rGO 42.8 1296 (1Ag− 1) 90.5 (1000 cycles) (Huang et al., 2015) 
CoAl LDH/graphene 23.4 712 (1Ag− 1) 82.1 (2000 cycles) (Zhang et al., 2012)  
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specific capacitance, as more time is given for the electrolyte ions to 
diffuse and come into contact with the electroactive areas of the LDH (Li 
et al., 2014a). On the other hand, a large drop in specific capacitance is 
usually observed at high current density due to an increase in the degree 
of IR drop, which has a positive relationship with the intrinsic conduc
tivity of the material. Since LDH-EDA retained a higher specific capac
itance when current density increases, we can conclude that LDH-EDA 
has a higher intrinsic conductivity as compared to LDH-Urea. While 
LDH-EDA has a higher overall capacitance as compared to LDH-Urea, it 
has a slightly lower cycling stability (Fig. 4D). After 1000 charge- 
discharge cycles at 5 A/g, LDH-EDA achieved a stability retention of 
70.7% of its specific capacitance while LDH-Urea achieved a stability 
retention of 91.2%. 

We can attribute the variation in stability retention of the two sam
ples to the difference in their aluminium content. Meng et al has 
observed that, with extended soaking of CoAl LDH in a strong basic 
medium, the LDH structure collapses to form β-Co(OH)2 due to the 
leaching of Al3+ ions (Hu et al., 2013). β-Co(OH)2 has a smaller d- 
spacing and does not allow any anion intercalation in between the hy
droxide layers (Xu and Zeng, 1999). This will severely inhibit the elec
tron transport and ion diffusion processes within the material, hence 
resulting in a degradation of the electrochemical performance of CoAl 
LDH. Since LDH-EDA has lesser Al content as compared to LDH-Urea, 
the onset of its structural collapse will occur earlier than LDH-Urea. 
This thus results in a lower cycling stability for LDH-EDA. 

In Table 2, we summarize some recent reported electrochemical re
sults of CoAl LDH in the literature. LDH-EDA performs reasonably well 
among the other CoAl LDH counterparts. At first glance, it may seem 
that LDH-EDA does not perform as well relative to the other nitrate- 
intercalated Co2.44Al1-NO3

- LDH. However, when we factor in the dif
ference in Co/Al ratio of the two samples (Co/Al for LDH-EDA = 1.61, 
for Co2.44Al1-NO3

- LDH = 2.44), it becomes clear that more charges were 
stored per unit of Co in the LDH-EDA sample. This confirms that the 
open structure of LDH-EDA does expose more Co sites for ion exchange. 

The specific capacitance of CoAl LDH falls short when compared 
with LDH composites. This is not surprising due to the increased con
ductivity and improved structural stability offered by the added carbo
naceous material in the composites. Nevertheless, the synthesis of LDH 
composites will require an exfoliation of the LDH layers before intro
ducing the guest material. Exfoliation is often achieved with either the 
use of formaldehyde or separation of the layers with surfactants (Woo 
et al., 2011; Li et al., 2014b; Mao et al., 2017; Chen et al., 2020). The 
latter approach depends on how well the initial anions can be dein
tercalated from the layers. In this aspect, our proposed synthesis with 
nitrate intercalation will also provide clear advantage. 

3.3. Proposed mechanism 

Unlike most metal hydroxide syntheses reported earlier, where EDA 
often acted as a source of nitrogen dopant (Guo et al., 2018), chelating 
agent (Sampanthar and Zeng, 2002) or surface adsorbate (Yang et al., 
2019), EDA is acting both as a base and a chelating agent in our pro
posed LDH reaction. This proposition is supported by some single 
crystals obtained from the supernatant left behind after the isolation of 
LDH-EDA. The single crystal structure (see Supporting Information Fig. S4 
and Table S1) corresponded well to cobalt tris(ethylenediamine) com
plex with empirical formula Co(en)3Na(H2O)6Cl7, where en is the 
abbreviation for the NH2(CH2)2NH2 group of EDA. 

The above finding suggests that the supernatant contains [Co 
(en)3]3+. Given that [Co(en)3]2+ could have oxidised to the more stable 
[Co(en)3]3+ complex in the presence of atmospheric oxygen, this indi
rectly confirms that, under inert reaction conditions, Co2+ also reacted 
with EDA to form [Co(en)3]2+ complex: 

Co2+ + 3 en ⇌
[
Co(en)3

]2+

While the roles of the other reagents are known, e.g. metal salts 
provide the respective metal cations, the role of NH4NO3 in the proposed 
synthesis seems to be unclear. In order to determine its role, the NH4NO3 
concentration was varied and samples labelled as EDA-ANxM for 
NH4NO3 concentration x = 0, 0.5, 1.0, 1.5 and 2.0 M, respectively, were 
studied. 

As confirmed by the XRD patterns in Fig. 5, CoAl LDH (JCPDS card 
no: 51–0045) was produced only when the concentration of NH4NO3 
was 1.0 M and above. At lower NH4NO3 concentration, only Boehmite 
(γ-AlOOH, JCPDS card no. 49–1033) was formed. As seen in Table 3, the 
final pH of all reaction mixtures was within the range of pH 5–10 for 
γ-AlOOH precipitation, but LDH formation is observed only when pH is 
below 6.85. 

In summary, experimental results confirmed that CoAl LDH is formed 
only at high NH4NO3 concentration. Single crystal study, on the other 
hand, indicated the formation of [Co(en)3]2+ complex in the reaction 
solution. While EDA is expected to play a role in surface adsorption that 
controls the growth of crystal during precipitation, we postulate that the 
detachment of the en ligands under acidic condition further regulates the 
release of Co2+ ions for the LDH formation. Such kinetic control of a 
multistep reaction is key to nanostructure fabrication. The significance 
is well demonstrated by the epoxide route method proposed to control 
the size of the LDH single crystals formed (Oestreicher and Jobbágy, 
2013, 2019; Oestreicher et al., 2014). In our proposed route, kinetic 
control further facilitates the growth into favourable crystal 
morphology. 

A computational study was designed to elucidate the decom
plexation of a single amine arm of the en ligand from the [Co(en)3]2+

complex; geometry optimization was performed in the presence and the 
absence of protonation (see Supporting Information Fig. S5–6 and 
Table S2–3). From the DFT calculated energy profile diagram shown in 
Fig. 6, it is clear that the activation energy of the protonated route is 
comparatively lower than that of the non-protonated route. Further
more, the product formed from the protonated route is significantly 
more stable than that of the non-protonated route. Hence, overall, the 
DFT results indicated that the protonation route is more favourable than 
the non-protonated route. Theoretical study thus supports the proposed 
decomplexation process mediated by the acidic environment and con
curs with the observations in Fig. 5 and Table 3. 

At higher pH conditions, it is likely that the lack of free Co2+ ions 
prohibited the formation of CoAl LDH, hence only γ-AlOOH was ob
tained. The protonation of en ligands is expected to occur more readily 
as the concentration of NH4NO3 increases. This will in turn increases the 
rate of decomplexation of Co2+ and the precipitation process. Since 
particle size is often affected by the reaction kinetics, we noted that the 

Fig. 5. XRD patterns of solid products isolated with varying concentrations of 
NH4NO3. Boehmite γ-AlOOH peaks (JCPDS card no. 49–1033) are labelled 
with *. 
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FWHM of the (003) XRD peaks becomes broader with increasing con
centration of NH4NO3 (Table 3). This is in line with our postulation, as 
broadened XRD peaks are indicative of smaller particle sizes. The 
morphology of the crystals, however, may be compromised at fast re
action rates. SEM images in Fig. 7 showed that, whereas EDA-AN1.0M 
sample formed flower-like nanostructures, EDA-AN1.5M and EDA- 
AN2.0M gave particles agglomerated in clumps without a clear 
morphology. 

Considering the above observations and the LDH formation mecha
nism (Boclair and Braterman, 1999) proposed by Boclair et al, we 
postulate a reaction scheme as illustrated in Fig. 8. Firstly, complexation 
of Co2+ to [Co(en)3]2+ occurs together with the formation of Al(OH)3 
crystals. In the presence of NH4

+ ions, the chelating en ligand is pro
tonated and decomplexation occurs. Since each cobalt ion is chelated by 
three en ligands, we anticipate the complexation and decomplexation 
processes to be kinetically controlled. The free Co2+ ions will then add 
onto the Al(OH)3 precipitates to form CoAl LDH. The excess EDA mol
ecules can adsorb onto the surface of the LDH sheets, thus limiting 
crystal growth in the z direction (Yang et al., 2019). This, together with 
the slow decomplexation kinetics, results in LDH sheets with thin 
morphology and intricate morphology. 

Table 3 
Initial and final pH of reaction mixture using different concentration of NH4NO3.  

Sample label Initial pH of reaction mixture Final pH of reaction mixture CoAl LDH produced FWHM of CoAl LDH (003) peak in XRD 

EDA-AN0M 8.59 8.53 No – 
EDA-AN0.5M 8.51 7.55 No – 
EDA-AN1.0M 8.44 6.85 Yes 0.30 
EDA-AN1.5M 8.40 6.59 Yes 0.50 
EDA-AN2.0M 8.38 6.53 Yes 0.56  

Fig. 6. DFT calculated energy profile of the decomplexation of the amine arm 
of the en ligand from the [Co(en)3]2+ complex, with and without protonation. 

Fig. 7. SEM images of EDA-AN prepared with NH4NO3 of (A) 1.0 M, (B) 1.5 M and (C) 2.0 M.  

Fig. 8. Schematic for the formation of CoAl LDH flower-like morphology via complexation-decomplexation of Co2+ with EDA.  
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4. Conclusions 

In summary, a new and simple approach using EDA as both the base 
and chelating agent is reported to synthesize nitrate-intercalated CoAl 
LDH microstructures. In comparison to the CoAl LDH prepared using 
urea, the EDA synthesised LDH was free of carbonate intercalation and 
had a higher surface area. We have also shown that the LDH-EDA pre
pared this way outperformed LDH-Urea in electrochemical properties, 
largely due to its increased surface area and exposed Co sites. The 
decomplexation of [Co(en)3]2+ mediated by the addition of NH4NO3 as a 
source of protons helps to slow down the growth of the crystal plates. 
Together with the adsorption of EDA onto the surface, the growth of the 
LDH crystallites is controlled and flower-like microstructures with thin 
petals were obtained. 

We believe that further study of the controlled precipitation via 
complexation-decomplexation mechanism can help to produce more 
refined carbonate-free microstructures for LDH of various metal ion 
pairings. Given the various fields LDH can be applied in, such carbonate- 
free synthesis technique would be invaluable in ensuring the versatility 
of the synthesised LDH materials. 
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