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Origin of CO>~ Shortage in MgAl Layered Double Hydroxides with Mg/Al < 2
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A carbonate shortage phenomenon (CO3;%27/Al < 0.5) was
found in MgAl layered double hydroxides (LDHs) with
Mg/Al < 2 synthesized by the homogeneous precipitation
(urea hydrolysis) method. To explain the phenomenon, a
“gibbsite-layer based substitution—filling"” model containing

octahedral vacancies with formula [Mg,[y s ,][Mg,Al_,]-
(OH)3(CO3%),_x/2:mH,0 is proposed on the basis of the de-
tailed composition analysis and ordered distribution of Mg
and Al in the layer.

Introduction

Layered double hydroxides (LDHs) have been attracting
extensive attention because of their wide applications as
anion exchangers,!!! catalysts,”! bioactivel® and electroac-
tive materials, and so on. LDHs have the general formula
M, M™ (OH),]** (A" ,,,)-mH,0, where x is normally in
the range 0.20-0.33,01 corresponding to M'"/M™ ratios of
4-2. By using the homogeneous precipitation method (by
ureal® or hexamethylenetetraamine (HMT)"! hydrolysis),
however, MgAl LDHs with Mg/Al ratios less than 2 (so-
called Al-rich LDHs)P-6d] were often obtained, and also
CO5>/Al ratios were usually lower than the stoichiometric
value of 0.5.1°%0d Another LDH (LiAl LDH) synthesized
by this method also exhibited Li/Al and CO527/Li ratios less
than the stoichiometric value of 0.5 based on the general
formula [LiAlL(OH)g¢](A" /) mH,0.[°1 The small Mg/Al
ratio is considered to result from the higher solubility of
magnesium hydroxide relative to that of aluminum hydrox-
ide at low pH during urea hydrolysis,[®¢4-8] whereas the
CO5?> “shortage” is not structurally clear. On the basis of
diffraction techniques,!®®>*! it is difficult to clarify the distri-
bution of Mg and Al ions in the layer, and therefore, the
CO5” shortage. Recently, Grey et al.,[' by means of solid-
state NMR spectroscopy, revealed an ordered distribution
of Mg and Al in the layers for LDHs having Mg/Al = 2
and a nonrandom distribution for those with Mg/Al > 2.
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However, for LDHs with Mg/Al < 2, there has been lack
of a description of their structure. The CO5> shortage im-
plies a structure different from the “perfect” brucite layer.
In this work, we carried out a detailed compositional and
structural investigation for this kind of LDHs and proposed
a structural model to explain the CO5>" shortage.

Results and Discussion

The XRD observations show that the sample obtained
after a short time (30 min) at 140 °C (referred to as L140-
30m, numbers being the reaction temperature and time) has
peaks centered at the 20 positions characteristic of alumi-
num hydroxide gel (Figure 1a),1°!2] while it has a compli-
cated composition (Table 1) indicated by the fact that
Al/30H > 1 and by the presence of NO5~, CO5>", and H,O.
For a longer reaction time (Figure 1b), the peaks of Al-
(OH); phases appear in addition to those of the LDH: the
d value of 4.35A, (001) plane, is the basal spacing of
Al(OH),, and the d values of 4.79 and 4.70 A are assigned
to the (010) plane of nordstrandite and (020) plane of
bayerite (Figure 2),l'3] respectively. All the XRD peaks of
L140-50m (Figure lc) can be indexed to have a hexagonal
symmetry [a = 3.0317(3) A and ¢ = 22.520(3) A}, indicating
a single phase, and the peaks of Al(OH); disappear. The
SEM observations (Figure 3) show that L140-40m has an
irregular shape, L140-50m has plate-like uniform mor-
phology, and increasing reaction time increases the crystal-
linity. Observations at 120, 100 (Figures le—-g), and 80 °C
(Figure S1) indicate that the reaction becomes slower at
lower temperatures. Chemical analysis (Table 1) shows that
the Mg/Al ratio increases gradually with reaction time; at
140 °C it reaches 2 for a reaction time of 24 h, suggesting
the system goes to x = 0.33 as a stable phase, but at 100 °C,
it hardly reaches 2, even though sharp and strong peaks in
the XRD pattern (Figure 1j) and hexagonal prism mor-
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phology in the SEM image (Figure 3h) were observed. In
most samples, the ratios CO5>/Al < 0.5, expected for the
brucite-based structure (referred to as “brucite-based sub-
stitution model”), are observed, which indicates CO;*"
shortage.
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Figure 1. XRD patterns of the products hydrothermally reacted at
140 °C (a—d) for 30, 40, 50 min and 12 h, and at 100 °C (e—j) for 4,
5, 6,7, 8, and 96 h, respectively (d values in A).

Figure 2. Schematic presentation of (a) bayerite, (b) LiAl LDH,
and (c) MgAl LDH sheets.

The FTIR spectra (Figure 4) show that aluminum hy-
droxide containing a large quantity of nitrate [v(NO;z):
1385 cm™!] is produced at first; the same result was reported
in the literature.l®! At this point, the nitrate and carbonate
ions may exist as aluminum-containing salts, that is,
Al (CO3); and AI(NOs)s. This is further proved by the
composition of the L140-30m sample with a Mg content of
zero, whose formula can be written as AIl(OH)s:
0.03A1,(C0O3)5°0.02A1(NO3)5°0.5H,0. Following the in-
crease in the reaction time, the nitrate ions are progressively
replaced by carbonate ions, which is testified by the absorp-
tion bands observed at 1356 (vc o) and 781 (J¢ o) cm™!
after 8 h.l° Moreover, the appearance of the bands at 692
(Vvo_m) and 449 cm™! (Jp_m_o), characteristic of lattice vi-
brations of [Mg, Al] octahedral sheets, shows evidence of
the crystallization of the LDH phase.

The TG-DSC curves (Figure 5) show the formation pro-
cess and the different forms of the LDHs at various tem-
peratures. From 50-500 °C, the amorphous aluminum hy-
droxide (L140-30m) has only an endothermic peak at 90 °C,
corresponding to the removal of water physically adsorbed

Table 1. Compositions for products at different temperatures and time.

T/°C  Time Sample code Mg/Al CO;*/Al  COs*/Mg Chemical formula Parameterst?!
X y % RVF

140 30 min  L140-30m 0.00 - - Al 45(OH)3(CO3)0.09(NO3)g 06°0.5H,0M! - - -
40 min  L140-40m 0.04 - - Mg 04Al; 0s(OH)3(CO3)0.11(NO3).0050.6H,O - - -
50 min  L140-50m 0.81 0.29 0.36 Mg 34000.16(ME0 26A19.74)(OH)3(CO3)0 22:1.0H,O  0.26 034 89
2h L140-2h 1.63 0.46 0.28 Mgo.4700.03(Mgo 44Aly 56)(OH)3(CO3)26'1.2H,O  0.44 047 98
4h L140-4h 1.75 0.48 0.28 Mego.4900.01(Mgo 46Aly 54)(OH)3(CO3)26'1.1H,O  0.46 049 99
12h L140-12h 1.82 0.48 0.26 Mgo.4900.01(Mgo 47Aly 53)(OH)3(CO3)55:0.8H,O  0.47 049 99
24 h L140-24h 2.00 0.50 0.25 Mgo.5000.0Mgo.50Aly.50)(OH)3(CO3)025°0.7H,O  0.50 0.50 100

100 4h L100-4h 0.05 - - Mg 06Al; 21(OH)3(CO3)0.15(NO3) 35-2.1H,O - - -
5h L100-5h 0.09 - - Mg.00Al1 03(OH)3(CO3)0.13(NO3)0 012.5H,0 - - -
6h L100-6h 0.08 - - Mg.08Al1 02(OH)3(CO3)0.11(NO3)g 006" 1.6H,O - — - -
7h L100-7h 0.24 0.15 0.61 Mgo.1700.33(Mgo 06Al9.04)(OH)3(CO3)g.14:1.3H,O  0.06 0.17 78
8h L100-8h 0.50 0.21 0.42 Mg 2600.24(Mgo 16Al 84)(OH)3(CO3)g 15 1.4H,O  0.16 026 &4
12h L100-12h 0.80 0.29 0.36 Mg 3500.15(Mgo 25Al 75)(OH)3(CO3).55:1.0H,O  0.25 0.35 90
24 h L100-24h 1.26 0.37 0.29 Mgo.4200.08(Mgo 37Al) 63)(OH)3(CO3)053:0.8H,O  0.37 042 95
34h L100-34h 1.44 0.41 0.29 Mgo.450.05(Mgo 41Aly 50)(OH)3(CO3)g051.1H,O  0.41 045 97
48 h L100-48h 1.54 0.45 0.29 Mgo.4700.03(Mgo 42Aly 58)(OH)3(CO3)g26'1.4H,O  0.42 047 98
72h L100-72h 1.60 0.47 0.29 Mgo.480.02(Mgo 43A1 57)(OH)3(CO3)571.1H,O  0.43 048 99
96 h L100-96h 1.57 0.46 0.29 Mgo.480.02(Mgo 43A15 57)(OH)3(CO3)056°0.9H,O  0.43 048 99

[a] x and p values are from the formula [Mg,ys J[Mg,Al; J(OH)3(CO5*), o'mH,0. The rate of vacancy filled (RVF) is from
100(1 + y)/1.5. [b] The composition can be written as AI(OH)3:0.03A1,(C0O5)5:0.02A1(NO3)3:0.5H,0.
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Figure 3. SEM images of the samples obtained at 140 °C (a—c) for
40, 50 min, and 12 h, and at 100 °C (d-h) for 6, 7, 8, 24, and 96 h,
respectively.
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Figure 4. FTIR spectra of the samples reacted at 100 °C for dif-
ferent lengths of time.

to the surface. The LDH phases that have Al(OH); peaks,
L140-40m and L100-6h, have similar DSC curves; both
curves have two endothermic peaks (at 64 and 99 °C for
L140-40m, and 74 and 105 °C for L100-6h) corresponding
to the removal of adsorbed water and two other endother-
mic peaks (at 184 and 249 °C for L140-40m and 195 and
260 °C for L100-6h), the former ones (184 and 195 °C) re-
lated to the removal of the interlayer water,[°®% and the
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latter ones (249 and 260 °C) possibly due to the thermal
decomposition of the Al(OH); layers.'* In the LDH sam-
ples after long-term reaction, the endothermic peaks at ap-
proximately 250 °C related to Al(OH); disappear, indicating
single LDH phases, and their TG-DSC curves have three
endothermic peaks at around 200-234, 298-324, and ap-
proximately 450 °C, corresponding to the removal of inter-
layer water,[°>-%dl the dehydroxylation of the layer, and the
interlayer decarbonation reactions, respectively.[®®%d The
temperature of the second endothermic peak increased with
the increase in Mg/Al ratios, showing the possible stronger
interaction of metal ion and hydroxide on the layer.
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Figure 5. TG-DSC curves of the samples obtained at 100 and
140 °C by reaction for different lengths of time.

The structure of MgAl LDHs with Mg/Al < 2 as well as
CO5? shortage can not be simply elucidated by the conven-
tional brucite-based substitution model, as the AIPT—AP*
close contacts not existing for Mg/Al = 20! are unavoid-
able for Mg/Al < 2, because of the higher AI’* content.
Here, we propose a “gibbsite-based substitution—filling
model” for the Al-rich LDHs, in analogy to the structure
of LiAl LDH (Figure 2b). The Al(OH)s-based (Figure 2a)
filling model for LiAl LDH!'3!3] can be used to present
the structure of MgAl LDHs having all AI** located at the
octahedral sites surrounded by [Mg(OH)e] octahedrons. In
the present case, it is reasonable to think that domains of
gibbsitel'®-like structure form at the initial stage of hydroly-
sis, since aluminum hydroxide precipitates preferentially at
low pH. Due to the high AI** content, AI**—AI** close con-
tacts will form at the gibbsite-like sheets, with octahedral
vacancies. The LDH formation progresses with two reac-
tions as (1) Mg?* substitutes AI** to destroy the AIP*—AIP*
contacts and (2) Mg”* enters the octahedral vacancy with-
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out surrounding AI**-AI** contacts. These reactions may
progress simultaneously, and the final result of the substitu-
tion and filling is the formation of a brucite-layer structure
with an ordering distribution of Mg and Al (Mg/Al = 2).
The formula based on the new model is given as
[Mg,lo s ,JIMg Al J(OH)3(CO5>), p'mH,0, in which y
and x are the fraction of Mg filling the vacancies and that
substituting “skeletal” Al, respectively. Based on this
model, in the skeletal part [Mg,Al,_,], Mg/Al = 1 is neces-
sary for all vacancies to be filled up by other Mg?*, leading
to a typical brucite-layer structure as shown in Figure 2c.
The content of CO5> (y — x/2) is related to that of Mg>*
filling vacancies and substituting AI**. The substitution of
Mg?* for AIP* leads to a decrease in the layer charge, and
therefore the CO;>~ content. The rate of vacancy filled
(RVF, Table 1) can be calculated from 100(1 + y)/1.5, where
1.5 is the total number of vacancies (0.5) and skeletal cat-
ions (1.0). The chemical formulae calculated from this
model are listed in Table 1, and the calculated contents of
the elements agree well with measured ones (Table S1). The
RVF values increase with the reaction time, and when Mg/
Al = 2, the vacancies are completely filled (RVF = 100%),
as shown for L140-24h. The relation between the vacancy
number (a) and the AP*—AI** close connect number (b) can
be deduced to be a = 0.75 b (related coefficient, 0.987) by
linear regression from the compositions. That is, one AlI>*—
AIP* close connect gives a vacancy, but the vacancy number
does not equal the increase in Al content but is less. It
should be noted that the present model can be applied to
specific preparation routes like the urea hydrolysis method,
where the precipitation of metal ions (AI** and Mg?") does
not progress simultaneously, which is different from the case
of the co-precipitation method, but progresses stepwise,
first AI** followed by Mg>* hydrolysis at different pH. In
addition, the model might not be applicable for systems
containing other divalent cations such as Zn, Ni, and Co.
For example, the Ni?*/AI** ratio in the NiAl LDH solid
was found to be larger than that in the starting solution.[!”]
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Figure 6. Rietveld refinement plots for the L100-24h sample. The
experimental and simulated intensity data are plotted as dotted and
solid lines, respectively; the line at the bottom is their intensity dif-
ference. The tick marks indicate the positions of all possible Bragg
reflections from the structure model.
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Since the XRD patterns of LDHs show no peaks of
AI(OH); (Figure lc, i, and j), the vacancy distribution
would be random or the amount is low. The vacancy pres-
ence is testified by Rietveld refinement of the pattern of
L100-24h. Figure 6 shows that the calculated pattern coin-
cides well with the measured one, indicating that the model
employed (Table S2) can be used to describe the structure.
The bond lengths of 2.0123(9) and 3.0353(3) A for Mg(Al)-
O and Mg(Al)-Mg(Al), respectively, are among the ranges
but close to the small end of those reported for LDHs with
Mg/Al = 2. In this model, the RVF was set to be 94%, as
shown by the occupancies of 0.51 and 0.43 for Mg and Al,
respectively (Table S2).

Conclusions

The structure of Al-rich MgAl LDHs can be represented
by a “substitution—filling model”, [Mg,y s JIMg,Al,_.]-
(OH)3(CO3*), » *mH,0, based on the gibbsite-like layer,
where AI3*—AIP* close contacts would give octahedral va-
cancies. Mg?* substitution for skeletal AI** and filling of
the vacant octahedral holes both take place. The presence
of the vacancies well accounts for the apparent CO5> short-
age and reveals a structural feature of a new kind of LDH.
The present structure and model on the LDH may give use-
ful information for the studies concerning LDH chemistry,
such as catalysis,”! intercalation, shape-selective ion ex-
change,['® and the recently highlighted exfoliation.[**]

Experimental Section

Iyi et al.'!l used three [Mg + Al] concentrations of 0.15, 0.075, and
0.1875 M and varied urea/Al molar ratios from 1.75 to 12 at 140 °C
to study the formation of MgAl LDH by the homogeneous precipi-
tation method. According to the literature,l''l we synthesized the
samples by fixing the Mg/Al molar ratio to 2, the [Mg+Al] concen-
tration to 0.15 M, and the urea/Al molar ratio to 10, but changing
temperatures from 80 to 140 °C. In detail, Mg(NOs),"6H,O
(1.28 g), AI(NO3),-9H,0 (0.95 g), and urea (1.50 g) were dissolved
in deionized water to yield a 50 cm? solution of 0.1 M, 0.05 M, and
0.5 M, respectively. The pH value of the starting solution, deter-
mined at room temperature, was 3.4. The mixed solution was hy-
drothermally treated in a 100 cm? Teflon autoclave at the set tem-
perature. After being heated for a known time interval and cooled
at ambient temperature, the solid was centrifuged, washed with
water, and dried at 40 °C for 24 h in vacuo. The final pH values,
measured after the reacted solutions were cooled to room tempera-
ture, gradually increased from 6.8 (for 4 h) to 8.5 (for 96 h) at
100 °C, and from 6.4 (for 30 min) to 9.5 (for 12 h) at 140 °C. The
actual pH values in the autoclave would be lower than those mea-
sured at room temperature, according to the literature.[° The sam-
ples were subjected to XRD measurement with a Phillips X pert
Pro MPD diffractometer. The Mg and Al contents were analyzed
by ICP atomic emission spectroscopy (Jarrel-ASH, ICAP-9000) af-
ter the solid sample was dissolved in an HCI solution, and C, H
and N contents were determined by using an Elementar Vario EL
elemental analyzer. Chemical formulas for these products were cal-
culated by assuming the content of OH, which, along with CO5>
and NOj;, was charge-balanced to Mg?>* and AI**. TG-DSC mea-
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surement was performed with a NETZSCH STA 409 PC/PG ther-
mal analyzer, FTIR spectroscopy was performed with a Nicolet-
380 Fourier-transform infrared spectrometer, and FE-SEM analysis
was conducted with a mode S-4800 (Hitachi, Ltd.) instrument op-
erating at 5.0 kV.

Supporting Information (see footnote on the first page of this arti-
cle): XRD patterns of the products reacted at 80 °C, ICP and CHN
analysis data, structural parameters for the L100-24h sample.
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