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Flux and surfactant directed facile thermal
conversion synthesis of hierarchical porous
MgO for efficient adsorption and catalytic growth
of carbon nanotubes†

Wancheng Zhu,*a Linlin Zhang,a Gui-Li Tian,b Ruguo Wang,a Heng Zhang,a

Xianglan Piaob and Qiang Zhang*b

Three-dimensional (3D) hierarchical porous structures have attracted extensive attention owing to their

versatile applications. Herein, 3D hierarchical porous MgO superstructures with a well faceted profile and

high crystallinity were successfully obtained via a facile flux and surfactant directed decomposition of

metal oxalates. As a nonionic surfactant, NP-9 served as the dispersing agent and prevented the porous

MgO particles from aggregating with each other. The flux NaCl induced vapor migration through the

porous structure, favoring the in situ crystallization of MgO after the phase conversion from the oxalate

precursor, enhancing the toughness of the backbone and further realizing the preservation of the

polyhedron-like morphology. The as-obtained hierarchical porous MgO superstructures were very effi-

cient and effective as adsorbents for methylene blue (MB) and a catalyst support for single-walled carbon

nanotube (SWCNTs) growth. The as-obtained SWCNTs afford an ultrahigh surface area of 1232 m2 g−1.

Such superstructures could be employed as great potential candidates in dye-containing water treatment

as well as heterogeneous catalysis.
1. Introduction

Three-dimensional (3D) hierarchical architectures or super-
structures have attracted extensive attention in academia as
well as industrial domains owing to the synergistic effect of
their nanometer-sized building blocks and overall
micrometer-sized structure, which can provide not only a
characteristic small size effect but desirable mechanical
strength, facile transportation and easy recovery.1 The hierar-
chical structures are ubiquitously expected to be promising
candidates in fabricating high performance energy conver-
sion and storage devices, catalysts, nanocomposites, and
adsorbents, etc.2,3 Metal oxide nanostructures with tunable
coordination of the metal cation and oxygen anion as well as
a hierarchical porous structure provide them with controlla-
ble catalytic activity and semiconductive properties for broad
applications in the areas of heterogeneous catalysis,
ceramics, electronics, paints and plastics, etc.
Among the varieties of oxides, magnesium oxide (MgO)
has been known as a traditional refractory material, ceramic
and superconducting composite reinforcements, optical
transmitters, a novel catalyst carrier for CNT/graphene
growth,4 biodiesel synthesis,5 and even constituents of CNTs-
based composites for supercapacitors,6 etc. Typically, a high
temperature (750–1200 °C) based thermal evaporation or
chemical vapor deposition (CVD) method was employed to
directly prepare monomorph low dimensional MgO nano-
structures, including nanorods,7 nanotubes and the like,8 as
well as hierarchical nanostructures containing 4-fold symmet-
ric nanorod arrays,9 orthogonal branches10 or bundles of
nanowires.11 In contrast, mild thermal decomposition of
unstable precursors pre-prepared via wet-chemistry based
methods has emerged as a booming and dominant technique
for anhydrous compounds or oxides owing to the relatively
low temperature and feasibility of the process. For instance,
Mg2B2O5 nanowhiskers have been generated from
MgBO2(OH) nanowhiskers,12 TiO2, Al2O3, SiO2 microtubes
have been acquired from recyclable MgCO3·3H2O tem-
plates,13 single crystalline Mn3O4 nanowires were obtained
via a NaCl and NP-9 assisted thermal conversion of the
MnCO3 precursor.14 CuO nanowires were fabricated from the
calcination of the previously formed copper oxalate
nanowires assisted by an ionic-liquid.15 Similarly, MgO
oyal Society of Chemistry 2014
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nanorods were prepared by thermal dehydration of the rod-
like Mg(OH)2 nanocrystallites (360 °C),16 MgO porous
nanorods were prepared by calcining hydrated basic magne-
sium carbonates (450–800 °C),17 MgO porous nanowires were
synthesized by a thermal transformation of hydrated magne-
sium carbonate hydroxide nanowires (400 °C),18 MgO porous
nanoplates were obtained by a simple hydrothermal treat-
ment of commercial bulk MgO powders followed by mild
dehydration (450 °C)19 or even a single-step Mg(NO3)2 solu-
tion calcination route (500 °C).20 These nanostructures offer
impressive morphologies but when they are used for certain
applications, how to manipulate them into anticipated
hierarchical nanostructures is still a great challenge.

Most recently, using low dimensional building blocks to
build 3D assembled hierarchical bulk nanostructures is
highly topical. Impressively, MgO particles with stacks of
plates were synthesized by decomposition of the magnesium
oxalate dihydrate precursor, which was pre-prepared by
mixing magnesium oxychloride gel and ammonium oxalate
solution.21 In addition, micro-sized flower-like MgO nano-
structures derived from magnesium glycolate22 or various
morphology MgO architectures originating from magnesium
carbonate hydrates23 as solid base catalysts for Claisen–
Schmidt condensation reaction, mesoporous MgO micro-
spheres showing an enhanced adsorption performance for
phosphate from aqueous solutions,24 flower-like and nest-
like micro-/nanostructured MgO as adsorbents for As(III) and
As(V) removal,25 and flower-like MgO exhibiting superb
adsorption properties for Pb(II) and Cd(II)26 have also been
successfully fabricated. However, the precursors for the
reported 3D hierarchical porous MgO superstructures were
dominantly formed through weak interaction based self-
assembly either by surfactant aided precipitation,24 oil
bath,25 hydrothermal,23 or EG mediated22 and even micro-
wave assisted26 solvothermal processes. The potential rela-
tively unsatisfactory crystallinity, mechanical properties and
morphology stability of the calcined MgO architectures might
limit the further practical applications in reality. The tem-
plates can be employed to cast 3D nanostructures, however,
such replicas were easily lost during calcination. It is still a
great challenge to acquire high crystallinity porous metal
oxides with robust hierarchical morphology and mechanical
properties via a facile precursor based synthetic route.

In this contribution, we report a facile flux and surfactant
directed mild decomposition of organic precursors for high
crystallinity hierarchical nanostructures. Magnesium oxalate
was selected as the precursor for the reason that oxalates can
be readily synthesized by room temperature coprecipitation,
and their decomposition is mild and also free of NOx or SOx.
The nonionic surfactant NP-9 with good rinseability has been
used in multitudes of applications, serving as the dispersing
agent, and NaCl was employed as the flux. It was the succes-
sive and synergistic effect of NP-9 and NaCl that promoted
the final formation of the hierarchical porous MgO super-
structures, which were confirmed as efficient adsorbents
for the removal of methylene blue (MB) from mimetic
This journal is © The Royal Society of Chemistry 2014
dye-containing waste water, and also as the catalyst support
for single-walled carbon nanotube (SWCNTs) growth.

2. Experimental
2.1 Preparation of the MgC2O4·2H2O polyhedrons

All reagents were of analytical grade and used as received.
The precursor MgC2O4·2H2O polyhedrons were prepared first
via a room temperature coprecipitation of sodium oxalate
(Na2C2O4) and magnesium chloride hexahydrate
(MgCl2·6H2O). In a typical procedure, 30 mmol of MgCl2 and
30 mmol of Na2C2O4 were dissolved into 30.0 and 170.0 mL
of deionized (DI) water, respectively. Then, the MgCl2 solu-
tion was introduced into the Na2C2O4 solution under vigor-
ous magnetic stirring. After 10 min, the mixture became
turbid and was kept stirring for 0.5 h. With subsequent aging
for 1.5 h at room temperature, the resultant white slurry was
filtered, washed with DI water and absolute ethanol three
times, respectively, and finally dried at 70 °C for 6.0 h.

2.2 Formation of the hierarchical porous MgO
superstructures

In a typical synthesis, 0.01 mol of the pre-prepared
MgC2O4·2H2O powders were mixed with 0.03 mol of NaCl in
an agate mortar, ground for 5.0 min first and then for
another 0.5 h after the introduction of 8.0 ml of the nonionic
surfactant nonylphenol polyoxyethylene ether (NP-9). After
that, the mixture was transferred into two porcelain boats
which were subsequently located in a horizontal quartz tube
furnace, heated to 650 °C (heating rate: 10 °C min−1) and
kept in an isothermal state for 2.0 h. After the thermal con-
version, the samples were cooled down to room temperature
naturally within the tube furnace, then collected and washed
with DI water and absolute ethanol three times and finally fil-
tered and dried at 70 °C for 6.0 h. To investigate the effect of
the calcination temperature and heating rate on the product,
the temperature and heating rate were tuned within 400–800
°C and 2–10 °C min-1, respectively, with other conditions
unchanged. To better understand the specific effect of NaCl
and NP-9, the calcination of the precursor only in the pres-
ence of NaCl or NP-9, as well as the thermal decomposition
of NP-9 were individually carried out at 250–800 °C within
the tube furnace in an air atmosphere.

2.3 Hierarchical MgO superstructures as the adsorbents
for MB

In a typical process, 30 mg of the as-prepared MgO was
added to 20 mL of a MB solution (10 mg L−1 or 100 mg L−1)
under vigorous stirring at room temperature and within a
black box to avoid the interference of sunlight. After having
been kept stirring for 5–120 min, the above system was fil-
tered and the filtrate was acquired for further characteriza-
tion. To evaluate the adsorption effect of MgO, digital
pictures of the filtrate with different adsorption times were
taken, followed by the prompt absorbency measurement of
CrystEngComm, 2014, 16, 308–318 | 309
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the filtrate at the optimum wavelength so as to calculate the
degradation rate. The degradation rate was calculated via
eqn (1):27

A = [(A0–A1)/A0] × 100% (1)

where A is the absorbency, A0 and A1 are the absorbency
before and after adsorption, respectively.

In order to obtain adsorption isotherms, the MgO super-
structures were added to MB solutions with a concentration
range from 10 to 800 mg L−1. The adsorption was carried out
under magnetic stirring for 2.0 h at room temperature with
the other conditions kept the same.

The equilibrium adsorption capacity (qe) was calculated
according to eqn (2):24

q C C V
me

e
( )0 (2)

where Co and Ce represent the concentration of the solution
before and after adsorption, V and m are the volume of the
adsorption solution and the mass of the adsorbents,
respectively.

2.4 Hierarchical MgO superstructures as the catalyst supports
for SWCNTs growth

The MgO based catalyst for CNTs growth was prepared by a
facile impregnation method. The hierarchical MgO powder
was suspended in distilled water to form a uniform suspen-
sion. The Fe(NO3)3·9H2O was dissolved in DI water for a con-
centration of 0.1 mol L−1. Then, the iron containing solution
was slowly added dropwise to the suspension. The molar
ratio of the salt in the solution to the MgO was controlled by
tuning the amount of the solution added to the MgO suspen-
sion. The solution was heated to and kept at 100 °C for 12 h,
then cooled down to room temperature naturally. After filtra-
tion and grinding, the Fe/MgO catalyst for CNTs growth was
available with Fe amounts of 0.5 wt%. To synthesize
SWCNTs, approximately 2.0 g of the catalyst was sprayed uni-
formly into a quartz boat, which was then inserted into the
center of a quartz tube (diameter: 25 mm, length: 600 mm).
The quartz tube, mounted in an electrical tube furnace, was
heated to 900 °C (heating rate: 10 °C min−1) in an Ar atmo-
sphere. Subsequently, a mixture of CH4/Ar (100/300 mL min−1)
was introduced into the quartz tube and maintained at the
reaction temperature for 2.0 min before the furnace was cooled
down to room temperature under Ar protection. The products
were collected for further morphology and structure analysis.
The high purity SWCNTs were obtained by HCl washing and
subsequent filtration.

2.5 Characterization

The composition and structure of the samples were identified
by X-ray powder diffraction (XRD, D8-Advance, Bruker,
Germany), using Cu–Kα radiation (λ = 1.54178 Å), a fixed power
source (40.0 kV, 40.0 mA) and an aligned silicon detector.
310 | CrystEngComm, 2014, 16, 308–318
The morphology and microstructure of the samples were
examined by high resolution transmission electron micros-
copy (TEM, JEM-2010, JEOL, Japan) and field emission scan-
ning electron microscopy (SEM, JSM 7401F, JEOL, Japan).
The thermal decomposition properties of the precursor was
detected by a thermal gravimetric analyzer (TGA, Netzsch STA
409C, Germany), carried out in dynamic air with a heating
rate of 10 °C min−1. The N2 adsorption–desorption isotherms
were measured at 77 K using a Chemisorption–Physisorption
Analyzer (Autosorb-1-C, Quantachrome, USA). The specific
surface area was calculated from the adsorption branches in
the relative pressure range of 0.05–0.25 using the multipoint
Brunauer–Emmett–Teller (BET) method, the pore size distri-
bution was evaluated from the N2 desorption isotherm using
the Barrett–Joyner–Halenda (BJH) method, and the total pore
volume was calculated for pores with diameters less than a
specific value of P/P0 ca. 0.9956. The pore size distribution of
the hierarchical porous MgO superstructures was further
evaluated via mercury porosimetry.

3. Results and discussion
3.1 Preparation of the precursor MgC2O4·2H2O polyhedrons

The chemical composition, morphology and pyrolysis perfor-
mance of the precursor obtained via room temperature
coprecipitation for 1.5 h are shown in Fig. 1. As shown in
Fig. 1(a), all the diffraction peaks could be indexed to the
pure phase of monoclinic glushinskite MgC2O4·2H2O (JCPDS
no. 28-0625), similar to the magnesium oxalate dihydrate
precursor for the MgO particles with stacks of plates.21 The
chemical reaction involved in this process could be written
as follows:

MgCl2 + Na2C2O4 + 2H2O → MgC2O4·2H2O + 2NaCl (3)

The as-obtained precursor, MgC2O4·2H2O, exhibited an
irregular polyhedron-like morphology (Fig. 1(b–c)), with dis-
tinct borders and sometimes even small nanoparticles (NPs)
attached onto the surfaces. The thermal decomposition prop-
erties of the precursor were recorded, as shown by the
thermogravimetric-differential scanning calorimetry (TG-DSC)
curves in Fig. 1(d). The sample mass decreased gradually
at a slow rate below 120 °C due to the elimination of the
absorbed water, decreased at a much faster rate at 120–
230 °C, then sharply dropped between 410 and 500 °C, and
finally remained almost constant thereafter. The mass of the
sample decreased from 98.87 to 75.12% at 120–230 °C, indi-
cating ca. 23.75% drop of the mass. This was quite similar
to the theoretical value (24.32%) for the dehydration of
MgC2O4·2H2O to release two moles of crystal water, as shown
in eqn (4):

MgC2O4·2H2O → MgC2O4 + 2H2O (4)

With the increase in the temperature from 410 to 500 °C,
the sample exhibited a significant mass drop of 44.94%,
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 (a) XRD pattern, (b–c) SEM images, and (d) TG-DSC curves of the precursor MgC2O4·2H2O (JCPDS no. 28-0625), derived from room
temperature coprecipitation of MgCl2·6H2O and Na2C2O4 solutions after aging for 1.5 h.

CrystEngComm Paper

Pu
bl

is
he

d 
on

 3
0 

Se
pt

em
be

r 
20

13
. D

ow
nl

oa
de

d 
by

 T
si

ng
hu

a 
U

ni
ve

rs
ity

 o
n 

10
/1

2/
20

13
 1

4:
28

:3
2.

 
View Article Online
analogous to the theoretical value (48.64%) for the decompo-
sition of MgC2O4, indicated by eqn (5):

MgC2O4 → MgO + CO + CO2 (5)

Corresponding to the change of the sample mass with the
temperature, the simultaneously recorded DSC curve demon-
strated two remarkable endothermic peaks at 180–230 °C and
425–500 °C, ascribed to the decomposition of the precursor
within the two temperature ranges shown as eqn (4) and (5),
respectively.
3.2 Thermal conversion of the precursor to the hierarchical
porous MgO superstructures

Enlightened by the thermal decomposition property of the
precursor, to acquire MgO superstructures with high crystal-
linity and also a well retained polyhedron-like morphology,
the pre-prepared MgC2O4·2H2O polyhedrons were calcined at
a relatively high temperature of 650 °C (rather than the gener-
ally used 500 °C28) for 2.0 h in the presence of NaCl and NP-9.
The XRD pattern (Fig. 2(a)) of the calcined product showed
that each diffraction peak could be readily indexed to that of
the pure phase of periclase MgO (JCPDS no. 45-0946),
reconfirming the thermal conversion of the precursor
MgC2O4·2H2O to the final MgO, as shown in the eqn (4) and
(5). The SEM image (Fig. 2(b)) demonstrated that the calcined
product particles bore a well faceted profile, relatively distinct
This journal is © The Royal Society of Chemistry 2014
edges but rough surfaces. Obviously, the polyhedron-like mor-
phology of the precursors was fairly well preserved with the
assistance of NaCl and NP-9, similar to the MgO particles with
stacks of plates morphology derived from the dehydration of
magnesium oxalate dihydrate at a lower temperature of
500 °C.21 A higher resolution SEM image (Fig. 2(c)) clearly
revealed the as-obtained MgO with hierarchical porous
superstructures, containing multitudes of pores with diame-
ters < 200 nm. A typical TEM image (Fig. 2(d)) again indicated
that the as-obtained MgO superstructures retained the mor-
phology of the precursor, containing tiny NPs within the body.
It was notable that the discrete fine NPs within the TEM
image mainly originated from the ultrasonic treatment during
the TEM sample preparation. The typical SAED pattern
(Fig. 2(d1)) corresponding to the selected group of tiny NPs
(as shown in the red short dashed line rectangular region)
adhered to the bulk MgO superstructure indicated the fine
MgO NPs of a distinct crystalline phase, in good agreement
with the XRD result (Fig. 2(a)). The interplanar spacing of
0.22 nm detected from the legible lattice fringes (Fig. 2(e))
was quite similar to the standard value for the (200) planes of
periclase MgO, reconfirming the high crystallinity of the cal-
cined product. As a matter of fact, the strong diffraction peaks
of the XRD pattern, well faceted profile, SAED pattern and
high resolution TEM images revealed the as-obtained product
had higher crystallinity and predictable better mechanical
properties compared with hierarchical porous MgO architec-
tures self-assembled by weak interactions.12,23–28
CrystEngComm, 2014, 16, 308–318 | 311
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Fig. 2 (a) XRD pattern, (b, c) SEM images, (d, e) TEM images, (d1) SAED pattern and (f) pore diameter distribution of the hierarchical porous MgO
superstructures calcined by the precursor at 650 °C (heating rate: 10 °C min−1) for 2.0 h, in the presence of NaCl and NP-9.
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The porous structure of the product was further evalu-
ated. As shown in Fig. S1(a) in the ESI,† the N2 adsorption–
desorption isotherms of the porous MgO superstructures
displayed nearly type III characteristics with a slight hyster-
esis loop at the distinct high relative pressure of P/P0 =
0.9–0.95, similar to the mesoporous MgO microspheres24

and quite analogous to that of the porous MgO
nanoplates.20 The presence of the slight hysteresis loop was
probably related to the minority of the micropores which
exist within the porous MgO superstructures. This was fur-
ther confirmed by the pore size distribution (PSD) derived
from the BJH method (Fig. S1(b), ESI†), which showed that
only a very few micropores (diameter < 2 nm) were
detected and the majority of the pores belonged to
macropores (diameter > 50 nm). Meanwhile, the multipoint
BET was calculated as 23.2 m2 g−1. This was smaller than
that of MgO microspheres modified with ethylene glycol
312 | CrystEngComm, 2014, 16, 308–318
(55.9 m2 g−1),29 and flower-like MgO (45 m2 g−1)22 obtained
via an ethylene-glycol-mediated self-assembly process. How-
ever, the BET of the present porous MgO superstructures
was analogous to that of flower-like MgO (24.66 m2 g−1),25

and much larger than that of MgO NPs (13.22 m2 g−1)30

prepared via thermal decomposition of hydroxide or MgO
polyhedrons (15.9 m2 g−1)31 acquired by an interfacial reac-
tion followed by calcination at 900 °C. To gain further
objective information on the macropores, the porous prod-
uct was further evaluated via mercury porosimetry. As
shown in Fig. 2(f), hierarchical pores containing minor
mesopores and major macropores with diameters within
20–200 nm were attributed to those existing within the
body of the hierarchical porous MgO superstructures, in
agreement with the SEM results (Fig. 2(c)). Pores with
diameters within 300–2000 nm and even larger were
ascribed to the stacking of the superstructures.
This journal is © The Royal Society of Chemistry 2014
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Previous work has shown that a relatively slow heating
rate was favorable for the morphology preservation of
Mg2B2O5 nanowhiskers during the calcination,32 and thus, in
order to investigate the effects of the calcination temperature
as well as the heating rate, the precursor was calcined within
400–800 °C at a heating rate of 2 °C min−1 with the other con-
ditions kept the same. As shown in Fig. S2(a) in the ESI,† the
product calcined at 400 °C was composed of MgC2O4,
Mg(OH)2, and MgO (Fig. S2(a1), ESI†), and the existence of
Mg(OH)2 was probably due to the exposure of some MgO
to the atmosphere of steam derived from the decomposition
of MgC2O4·2H2O. When the temperature increased to 500 °C,
the calcined product consisted of Mg(OH)2 and MgO (Fig.
S2(a2), ESI†). When the temperature was 650 °C and even
higher at 800 °C, the product turned to pure phase MgO
(Fig. 2(b), Fig. S2(a3, a4), ESI†). Meanwhile, when the temper-
ature was set to 400–500 °C, the bulk MgC2O4·2H2O polyhe-
drons began to decompose and the profile of the precursor
was destroyed to some extent (Fig. S2(b, c), ESI†). However,
when the temperature went up to 650 °C, the hierarchical
porous MgO superstructures tend to collapse (Fig. S2(d),
ESI†), compared with those obtained at a high heating rate of
10 °C min−1 (Fig. 2(c)). This showed that a lower heating rate
of 2 °C min−1 didn't demonstrate the expected significant
effect on the morphology improvement during calcination
due to the characteristics of the specific species. When the
temperature was as high as 800 °C, the porous polyhedron-
like superstructures disappeared completely and moreover,
some larger MgO polyhedrons emerged owing to Ostwald rip-
ening at high temperature (Fig. S2(e), ESI†). This confirmed
that, to acquire hierarchical porous MgO superstructures and
maintain the polyhedron-like morphology, the calcination
temperature should be around 650 °C, even when calcined in
the presence of NaCl and NP-9.
3.3 Flux and surfactant directed formation mechanism

To investigate the effect of NaCl and NP-9 on the formation
of the porous MgO superstructures, the XRD patterns and
SEM images of the products calcined in the presence of vari-
ous additives were recorded, as shown in Fig. S3 in the ESI.†
When calcined at 650 °C in the absence of any additive, the
product consisted of MgO NPs and detectable minor
amounts of Mg(OH)2 (Fig. S3(a1), ESI†), with the polyhedron-
like morphology primarily destroyed (Fig. S3(b), ESI†). The
byproduct Mg(OH)2 might be derived from the reaction
between MgO and the water molecules retained in the porous
structure. When calcined at 650 °C only in the presence of
NaCl, the product turned to pure phase MgO (Fig. S3(a2),
ESI†) containing multitudes of much smaller pores (Fig.
S3(c), ESI†) than those formed in the previous hierarchical
porous superstructures (Fig. 2), with the polyhedron-like mor-
phology well preserved. This was very similar to the effect of
NaCl on the shrinkage and even elimination of the pores dur-
ing the pore-free Mg2B2O5 nanowhiskers formation originat-
ing from MgBO2(OH) nanowhiskers.12 Meanwhile, the
This journal is © The Royal Society of Chemistry 2014
TG-DTA results recorded during the thermal decomposition
of MgC2O4·2H2O in the presence of NaCl (Fig. S3(c1), ESI†)
showed a similar variation tendency to that displayed for the
decomposition of the pure phase of MgC2O4·2H2O (Fig. 1(d)).
Taking the existence of NaCl into consideration, the mass
variation vs. temperature reconfirmed the decomposition of
MgC2O4·2H2O via eqn (4) and (5).

In contrast, when calcined only in the presence of NP-9,
the product was composed of MgO NPs and significant
amounts of Mg(OH)2 (Fig. S3(a3), ESI†) with the
polyhedron-like morphology largely changed into an
agglomeration (Fig. S3(d), ESI†). As a dispersing agent,33

NP-9 consisted of a hydrophobic nonyl side chain and
hydrophilic ethoxy chain,34 and the hydrophilic chain might
be adsorbed onto the surfaces of the precursors, forming a
precursor@ethoxy core-shell structure. The ethoxy shell
prevented the evaporation of the water derived from the
dehydration of the precursor MgC2O4·2H2O, leading to the
formation of significant amounts of the byproduct Mg(OH)2
(Fig. S3(a3), ESI†) in turn during the subsequent decomposi-
tion of MgC2O4 into MgO (eqn (5)). Taking the calcination
of the precursor in the presence of both NaCl and NP-9 at
the same temperature into account, the product was pure
phase MgO without any Mg(OH)2 detected (Fig. 2(a, c)).
This was probably due to the existence of NaCl, which
enhanced the transportation of water and thus interrupted
the side reaction between the MgO product and water.
When the temperature was increased up to 800 °C, the final
product calcined in the absence of any additives was proved
to be pure phase MgO NPs (Fig. S3(a4, e), ESI†), although
with the polyhedron-like morphology almost completely
destroyed on the one hand and much smaller diameters as
well as lower crystallinity on the other hand, in comparison
to the previous results (Fig. S2(a4, e), ESI†).

In addition, the thermal decomposition phenomena of
NP-9 with or without the precursor was also observed so as to
obtain a deeper insight into the effect of NP-9. During the
heating of the precursor (heating rate: 10 °C min−1) in the
presence of NP-9 and NaCl, vapour was found at ca. 200 °C,
white smog appeared at ca. 400 °C with a yellow liquid con-
densed on the inner wall of the quartz tube ends out of the
furnace, and black powders were obtained at ca. 650 °C with
much more yellow liquid condensed inside both ends of the
tube. After cooling, a light brown powder was acquired. Com-
paratively, when NP-9 was put into the porcelain boat for cal-
cination with the same heating rate, carbon black was
observed at 650 °C which, however, disappeared once the
boat was kept isothermal for some time. As a matter of fact,
when the heating rate was decreased to 2 °C min−1, vapour
appeared at similar ca. 200 °C, heavy white smog was
observed at 300 °C, and only a little carbon black was left at
400 °C which was found to disappear when the boat was kept
isothermal at 500 °C for 1.5 h.

Based on the above experimental results as well as the
thermal decomposition phenomena of NP-9 in the presence
or absence of the precursor, the probable NaCl and NP-9
CrystEngComm, 2014, 16, 308–318 | 313
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Fig. 3 Flux and surfactant directed formation of hierarchical porous MgO superstructures. (a) Room temperature coprecipitation of MgCl2 and
Na2C2O4 solutions and subsequent Ostwald ripening during aging led to high crystallinity well-faceted MgC2O4·2H2O micron polyhedrons;
(b) grinding the polyhedrons with the flux NaCl and surfactant NP-9 resulted in a slurry containing NaCl particles and a NP-9 wrapped precursor;
(c) heating of the precursor slurry up to 650 °C produced porous MgO mingled with significant carbon black due to the decomposition and further
carbonization of NP-9, and during the isothermal period, the carbon black disappeared and the gradually formed NaCl vapour favored the reason-
able shrinkage of the pores and further morphology preservation; (d) during cooling, NaCl recrystallized, leading to porous MgO polyhedrons at
the same time; (e) final washing and drying gave rise to the hierarchical porous MgO superstructures with the polyhedron-like morphology largely
preserved.
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assisted formation mechanism of the hierarchical porous
MgO superstructures could thus be figured out, as shown in
Fig. 3. Room temperature coprecipitation of MgCl2 and
Na2C2O4 solutions first led to relatively low crystallinity
micron polyhedrons of MgC2O4·2H2O with small NPs
attached on the surfaces. Then, high crystallinity well-faceted
MgC2O4·2H2O micron polyhedrons were obtained via wash-
ing and drying owing to Ostwald ripening during the aging
after coprecipitation (Fig. 3(a)). The precursor was ground
with the flux NaCl and surfactant NP-9 for 0.5 h, resulting in
a slurry containing NaCl particles and a NP-9 capped precur-
sor, which was then transferred into the porcelain boat for
calcination (Fig. 3(b)). When the temperature went up contin-
uously, the precursor dehydrated at ca. 200 °C first, bringing
about the surfactant capped porous polyhedrons. When the
temperature increased up to 650 °C, the original precursor
further decomposed and released CO as well as CO2 gas, pro-
ducing hierarchical porous MgO powder which, however, was
mingled with significant carbon black due to the decomposi-
tion and further carbonization of NP-9. At the subsequent
isothermal state, the carbon black gradually changed into
CO2 and meanwhile, the flux NaCl gradually melted to some
extent and formed NaCl vapour (Fig. 3(c)).35 In other words,
the evaporated NaCl could act as a gaseous flux, giving rise to
the reasonable shrinkage of the pores as well as the improve-
ment of the crystallinity or strength of the pore walls within
the porous MgO superstructures. Apparently, the gaseous
NaCl flux was extremely important for the formation of the
porous structures. NaCl recrystallized out of the porous MgO
in the course of cooling (Fig. 3(d)), and the hierarchical
porous MgO superstructures with a well-preserved polyhe-
dron-like profile were finally obtained via a washing and dry-
ing post-treatment (Fig. 3(e)). This was analogous to the
NaCl (g) aided molten salt growth of ternary oxide nanorods
314 | CrystEngComm, 2014, 16, 308–318
below the melting point of NaCl,35 and was also confirmed by
the NaCl assisted formation of pore-free Mg2B2O5 nanowhiskers
via the thermal conversion of MgBO2(OH) nanowhiskers at
650–700 °C.36

Reasonably, NP-9 and NaCl played key roles in the forma-
tion of the hierarchical porous MgO superstructures. Dehy-
dration of the oxalate precursor and release of CO as well as
CO2 gas brought about the pores among the MgO NPs. As a
nonionic surfactant, NP-9 served as the dispersing agent and
thus prevented the porous MgO particles from aggregating
with each other. The gradually formed NaCl vapor at 650 °C
could migrate through the porous structure, favoring the in
situ crystallization of MgO after the completion of the phase
conversion from the oxalate precursor, strengthen the tough-
ness of the backbone and further realize the preservation
of the precursor's original polyhedron-like morphology.
Obviously, it was the successive and synergistic effect of NP-9
and NaCl that promoted the final formation of the present
hierarchical porous MgO superstructures.
3.4 Hierarchical porous MgO superstructures as the
adsorbents for MB

As described above, porous MgO superstructures with high
crystallinity and a well faceted profile have been obtained via
the novel facile thermal conversion synthesis. However, as
known, poor crystallinity and hydrothermal stability has
emerged as a big challenge in the real applications of porous
structures. Since the as-prepared hierarchical porous MgO
superstructures contained plenty of macropores and
mesopores within the body (Fig. 2(f)), in addition to the main
purpose or, in other words, the target of our work, the as-
synthesized porous MgO superstructures were preliminarily
evaluated as adsorbents for the traditional removal of MB.
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Variation of (a) adsorption rate and (b, c) color for mimetic solutions containing different concentrations of methylene blue vs. adsorption
time, as well as (d) adsorption isotherms fitted according to the Langmuir and Freundlich models, with 30 mg of the hierarchical porous MgO
superstructures as adsorbents for 20 mL of different concentrations of methylene blue containing solutions. Concentration (mg L−1): (a1)-10,
(a2)-100.
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For a mimetic solution containing a relatively low concentra-
tion of MB (10 mg L−1), the adsorption rate rapidly increased
to 73.4% at 5 min, reached 83.2% at 10 min, and then
vibrated with a highest value of 95.78% at 60 min (Fig. 4(a1)).
This was somewhat lower than 98% of adsorbents for Cu-
MSM-337 due to the present relatively small specific surface
area, but higher than 90% for Co0.85Se nanostructures38 and
66% for porous Mg5(CO3)4(OH)2·4H2O nanorods,39 higher
than 85% for TiO2 (P25)-graphene nanocomposites under UV
light irradiation,40 and also much better than the maximum
of 65.9% for mesoporous WO3 even in photocatalytic condi-
tions.41 Meanwhile, the light blue solution faded away and
became transparent and colorless immediately after 5 min
(Fig. 4(b)). In contrast however, for a solution containing a
higher concentration of MB (100 mg L−1), the adsorption rate
was 19.3% at 10 min, 38.6% at 30 min, 46.8% at 60 min, and
vibrated thereafter with a climax value of 49.8% at 90 min
(Fig. 4(a2)). Simultaneously, the heavy blue solution also
faded away quickly, without the distinct gradual colour
change (Fig. 4(c)).

The variation of the equilibrium adsorption capacities (qe)
vs. equilibrium concentration (ce) was plotted in Fig. 4(d). As
shown, qe gradually increased with the increase in ce. The
adsorption isotherms of the hierarchical porous MgO super-
structures used for the MB solutions were fitted according to
the traditional Langmuir and Freundlich models, indicated
by the blue solid line and red dotted line, respectively. The
corresponding isotherm parameters were listed in Table 1. As
Table 1 Corresponding parameters of the Langmuir and Freundlich
isotherms for the adsorption of methylene blue

Isotherm Equation Parameter Constants

Langmuir model q q K C
K Ce

m L e

L e


1

R2 0.991
qm (mg g−1) 82.703
KL (L mg−1) 0.026

Freundlich model q K C n
e F e

1
R2 0.948
n 3.925
KF 16.114

This journal is © The Royal Society of Chemistry 2014
shown, the regression coefficient (R2) via Langmuir model
was 0.991, much higher than that of the Freundlich model
(0.958). This revealed that the adsorption of MB on the as-
synthesized hierarchical porous MgO superstructures more
likely conformed to the Langmuir adsorption rather than the
Freundlich adsorption. In other words, the adsorption of MB
on the present porous MgO superstructures was a monolayer
adsorption process, which was generally characteristic of the
chemisorption process.42 In addition, via the Langmuir
model, the maximum adsorption capacity (qm) was calculated
as 82.703 mg g−1. This was somewhat lower than that of com-
mercial activated carbon,43 similar to that of fibrous clay
minerals44 and pyrolysed furniture45 but nevertheless much
higher than that of Coconut husk based activated carbon,46

charcoal,47 and some other agricultural as well as industrial
solid wastes.48
3.5 Hierarchical porous MgO superstructures as the catalyst
supports for SWCNTs growth

Nanostructured MgO are widely employed as catalyst sup-
ports to load metal NPs for CVD growth of CNTs and
graphene,49,50 as well as methane coupled oxidation.51 The
hierarchical porous MgO can serve as a support to anchor
the ultra-fine metal NPs for the catalytic decomposition of
methane for CNT deposition. SWCNTs have been accepted
as the high end of CNT technology because of their excellent
intrinsic properties, such as high specific surface area, low
defect density, and tunable electronic characteristics
according to their chirality. Herein, the oxalate derived hier-
archical MgO superstructures were thus employed as porous
supports to load Fe NPs for SWCNTs growth. As shown in
Fig. 5, high quality SWCNTs were grown out. Due to the
strong van der Waals interactions, the as-obtained CNTs pre-
fer to form bundles. A high yield of ca. 7% was achieved,
which was attributed to the fact that the SWCNTs were facile
for extending out of the interconnected pores of the MgO
support. The SWCNTs had a diameter of 0.8–2.5 nm, which
was confirmed by the high resolution TEM image (Fig. 5(b))
CrystEngComm, 2014, 16, 308–318 | 315
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Fig. 5 (a) TEM, (b) high resolution TEM images, (c) Raman spectrum (inset RBM peaks), and (d) N2 adsorption–desorption isotherms (inset pore size
distribution) of the SWCNTs grown on the hierarchical porous MgO superstructures supported iron catalysts.
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and radial breathing modes shown in the Raman spectrum
(Fig. 5(c)). A quite high IG/ID ratio of 3.9 was available,
which was competitive to the SWCNTs grown on the
Fe/Mg/Al layered double hydroxide derived catalyst (ca. 4.0)52

and higher than the routine MgO powder derived catalyst
(2.0–3.5).53 The MgO support can be facilely removed by
HCl washing, and SWCNTs with a very high purity of
>98 wt% were available.

As shown in Fig. 5(d), the N2 adsorption–desorption iso-
therms of the purified SWCNTs exhibited a typical type IV
isotherm with apparent H4 hysteresis loop. The pore size
distribution (inset of Fig. 5(d)) illustrated that micropores
with diameters < 2 nm contributed the majority to the pore
volume. The as-obtained SWCNTs afforded a BET specific
surface area, total pore volume, and average pore size of
1232 m2 g−1, 1.23 cm3 g−1, and 1.7 nm, respectively. The spe-
cific surface area was much higher than that of other
SWCNTs obtained by CVD growth on a layered double
hydroxide derived catalyst (500–1100 m2 g−1),52 high-
pressure CO conversion (400–700 m2 g−1),54 and arc-
discharge method (100–500 m2 g−1).55 This is ascribed to the
uniform distribution of the Fe catalysts on the 3D hierar-
chical porous MgO support, which benefits their high tem-
perature stability as well as the resultant CVD growth of
the SWCNTs within limited space resistance. Such 3D
316 | CrystEngComm, 2014, 16, 308–318
hierarchical porous MgO is very efficient for the catalytic
growth of high end nanomaterials, such as CNTs. It is also
expected to serve as a template for 3D graphene and
SWCNT/graphene hybrid deposition.

4. Conclusions

3D hierarchical porous MgO superstructures with a well fac-
eted profile and high crystallinity were fabricated via a facile
room temperature coprecipitation of Na2C2O4 and
MgCl2·6H2O solutions followed by a mild flux NaCl and sur-
factant NP-9 directed thermal conversion of the resultant
precursor at 650 °C. The successive and synergistic effect of
NaCl and NP-9 promoted the final formation of the hierar-
chical porous MgO superstructures. NP-9 served as a dispers-
ing agent and restrained the porous MgO particles from
aggregating with each other, whereas NaCl favored the in situ
crystallization of porous MgO, enhanced the toughness of
the backbone and further realized the polyhedron-like mor-
phology preservation. The as-obtained porous MgO super-
structures were preliminarily evaluated as adsorbents for the
removal of MB as well as a catalyst carrier for SWCNTs
growth, aiming to present a relatively whole outlook for our
research. The excellent adsorption capacity for MB, as well
as effective catalyst support for SWCNT growth revealed the
This journal is © The Royal Society of Chemistry 2014
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as-obtained hierarchical porous MgO superstructures are
great potential candidates in related fields such as environ-
mental protection, heterogeneous catalysis, as well as
nanomaterials production.
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