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sis of hollow Cr(OH)3 micro/nano-
hexagonal pellets and the catalytic properties of
hollow Cr2O3 structures†

Y. K. Bai,‡ac R. T. Zheng,‡*a Q. Gu,a J. J. Wang,b B. S. Wang,a G. A. Chenga

and G. Chenb

Novel Cr(OH)3 hollow hexagonal pellets are synthesized at room temperature based on the chemical

reaction between CrCl3 and NaBH4 in aqueous solution without any templates and surfactants. The

evolution of the products obtained at different reaction times revealed that the hollow structure was

formed via an orientation self-assembly and selective-etching process. The size and shape of the

Cr(OH)3 hollow hexagonal pellets can be adjusted by changing the reaction conditions. Annealing these

Cr(OH)3 hollow pellets at high temperatures convert them into Cr2O3 hollow structures, which are

demonstrated in this paper to exhibit better catalytic performance than conventional Cr2O3

nanoparticles in the dehydrogenation of isobutane. This template-free and surfactant-free method

enables low cost and high yield synthesis of hollow micro/nanostructures.
Introduction

Over the past decade, inorganic hollow micro/nanostructures
have attracted lots of interest1,2 for applications in energy-
storage,3,4 catalysis,5 sensing,6,7 drug delivery,8–11 and
photonics.12,13 Template-based methods have been the most
popular process for synthesizing hollow structures,14–16 but the
complicated process limits the application of this method.
Different strategies such as the Kirkendall effect,17,18 Ostwald
ripening,19–21 galvanic replacement,22,23 surface-protected
etching24 and water-soluble salt templates25–27 have been devel-
oped to simplify the synthesis process. However, the Kirkendall
effect or Ostwald ripening based methods cost a lot of time,
energy and capital. Galvanic replacement and water-soluble
template methods still require templating. The surface-pro-
tected etching process can be carried out at room temperature
without additional templates, but it still needs a surface pro-
tecting agent to create an etching rate difference between the
inner part and the outer part of the solid sphere. Methods to
synthesize hollow micro/nanostructures with good size and
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shape control, high yields, low cost and good reproducibility are
desirable.

Chromium oxides have been extensively investigated
because of their possible industrial application in catalysts,
solar energy collectors, corrosion-resistant coating and nonre-
ciprocal optical properties.28,29 Nano- or micro-chromium oxide
spheres could be prepared by heating uniform sized Cr(OH)3
spheres, which are easy to obtain by a hydrolysis process.30

Compared with spheres, hollow micro/nanostructures are more
attractive because of their higher specic area. In this paper, we
report the fabrication of Cr(OH)3 micro/nano hollow hexagonal
pellets via a room temperature one-step inorganic chemical
synthesis. We further investigated the catalytic properties of
Cr(III) hollow structures, and found that the hollow structure
exhibits higher conversion efficiency during the oxidative
dehydrogenation of ethane.
Experimental section
Material preparation

Chromium chloride hexahydrate (CrCl3$6H2O, 98%), sodium
borohydride (NaBH4, 98%), sodium hydroxide (NaOH, 50% w/w
aqueous solution), and deionized water were all purchased from
Alfa Aesar and used as bought.

Hollow Cr(OH)3 hexagonal pellets were prepared by the
reaction of CrCl3 with NaBH4 at room temperature. Typically,
0.164 g CrCl3$6H2O was dissolved in 50 ml H2O to form a dark
green solution A, and 0.064 g NaBH4 was dissolved in 50 ml H2O
to form a colorless transparent solution B. Then we poured
solution B into solution A under vigorous stirring. The color of
the solution changed from green to light blue immediately.
This journal is © The Royal Society of Chemistry 2014
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Aer 15 minutes, there were no bubbles generated in the
solution, indicating that the reaction was complete. The particle
size of Cr(OH)3 hexagonal boxes was tuned by adjusting pH in
the solution with NaOH. The as-prepared products were
centrifuged from the solution at 6000 rpm for 15 min. The
derived products were washed with ethanol three times to
obtain the light blue reaction products. The dark green Cr2O3

hexagonal hollow boxes were obtained by annealing the
Cr(OH)3 hexagonal drums at 450 �C for 30 minutes.
Fig. 1 The microstructure of hollow Cr(OH)3 hexagonal pellets. (a)
XRD patterns of the as-prepared products. (b) A SEM image of Cr(OH)3
hexagonal pellets. The inset is a high magnification SEM image of
Cr(OH)3 hexagonal pellets. (c) A TEM image of the as-prepared
Cr(OH)3 hexagonal pellets, which shows the hollow nature of the
hexagonal pellets. The inset is the SAED pattern of the hollow Cr(OH)3
hexagonal pellet. (d) A SEM image of a broken hollow Cr(OH)3
hexagonal pellet.
Material characterization

Crystal structures of the hollow Cr(OH)3 hexagonal pellets and
hollow Cr2O3 boxes were identied using a powder X-ray
diffractometer (XRD) (Rigaku RU300, Japan), employing Cu-Ka
radiation (l ¼ 1.5418 Å) at 50 kV and 300 mA. The sizes and
morphologies of the Cr(OH)3 and Cr2O3 hollow structures were
observed by eld emission scanning electron microscopy (FE-
SEM) (Hitachi S-4800, Japan) at 10 kV and transmission electron
microscopy (TEM) (JEOL Ltd. JEM-2010, Japan) at 200 kV. For
the TEM and SEM measurements, the suspension was dropped
onto aluminum foil paper and a high-resolution micro-grid,
respectively, followed by air drying. The average particle size of
the hexagonal particles was measured using a Zetasizer Nano
ZS90 (Malvern Instruments). And the BET surface area value
was measured using an automated gas sorption analyzer
(Quantachrome Corporation).

The catalytic performance tests were conducted in a xed-
bed ow type quartz reactor packed with 0.15 g of the catalyst
and 1 g of quartz sand at atmospheric pressure. The reactant
stream consisting of 60% carbon dioxide, 20% isobutane, and
20% Ar was introduced into the reactor at a ow rate of 2000 ml
h�1 g�1. The reaction temperature was varied from 773 K to 973
K. The products were online analyzed by gas chromatography
(Shimadzu GC-2014, Japan) with a double column dual-
detector. The hydrocarbon product was detected using a ame
ionization detector (FID) through the Al2O3 capillary column.
CO and CO2 are detected using a thermal conductivity detector
(TCD) through the GDX-502 packed column. The catalytic
performance of nanostructured-Cr2O3 for oxidative dehydroge-
nation of isobutane with CO2 was compared with that of the
normal nano-Cr2O3 catalyst which was commercially available.

The conversion, yield and selectivity were calculated by the
following equations:

Conversion (%) ¼ (ng/(nba + ng)) � 100

Yield (%) ¼ (nbe/(nba + ng)) � 100

Selectivity (%) ¼ (ne/ng) � 100

where nbe and nba are the number of moles of isobutene and
isobutane at the exit of the reactor, respectively, ng is the
number of moles of isobutane converted into the gaseous
products (isobutene, propane, propene, ethane, ethene and
methane) and ne is the number of moles of alkene (isobutene,
propene, ethene) converted from isobutane. The calculations do
not consider the conversion of isobutane to coke, as its
This journal is © The Royal Society of Chemistry 2014
instantaneous formation is time dependent and difficult to
estimate.
Results and discussion

Cr(OH)3 hexagonal pellets were obtained by a reaction of
aqueous chromium chloride (CrCl3) solution and aqueous
sodium borohydride (NaBH4) solution at room temperature.
Typically, a 50 ml 12.3 mM CrCl3 solution is poured into a 50 ml
33.7 mM NaBH4 solution. The two solutions reacted vigorously
and produced a large number of bubbles and a grey-green
suspension. Aer 5 days of standing, the color of the suspension
changed from grey-green to brilliant green. The as-prepared
suspensions were centrifuged and washed with DI water three
times to obtain the light blue reaction products. The crystallo-
graphic structure of the products was determined by powder X-
ray diffraction (XRD). Fig. 1a shows the XRD pattern of the
reaction product in the 2q range of 10–80�. The pattern could be
distinctly indexed to a hexagonal phase with lattice constants a
¼ 5.288 Å, b ¼ 4.871 Å for Cr(OH)3$3H2O (JCPDS no. 16-0817),
revealing the crystalline nature of the product. It is worth noting
that the peak intensity of diffraction peaks was low, indicating
that Cr(OH)3 is not well crystallized.

The scanning electron microscopy (SEM) image shows that
the light blue precipitates are submicron-sized hexagonal
pellets with six equilateral rectangular lateral surfaces and two
hexagonal upper and lower surfaces (Fig. 1b). The pellets are
uniform in size, the average side-length of the hexagon is about
300 nm, and the average height of the pellets is about 350 nm.
The inset picture in Fig. 1b is a higher magnication SEM image
J. Mater. Chem. A, 2014, 2, 12770–12775 | 12771
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Fig. 2 Microstructural evolution of Cr(OH)3 hexagonal pellets. (a) A
SEM image of products after 1 second of reaction. (b) A SEM image of
products after 3 seconds of reaction. (c) A SEM image of products after
15 seconds of reaction. (d) A SEM image of products after 1 day of
reaction, the inset is a TEM image of the same products. (e) A TEM
image of products after 3 days of reaction. (f) A TEM image of products
after 5 days of reaction.
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of the products. It could be observed that the surfaces of these
pellets are covered with 20–30 nm diameter particles. Trans-
mission electron microscopy (TEM) images provide further
insight into the structure of the obtained Cr(OH)3 hexagonal
pellets, as shown in Fig. 1c. It is found that the Cr(OH)3
hexagonal pellet has a hexagonal hollow interior and high
geometrical symmetry: with identical angles between two
adjacent rectangular surfaces and parallel top and bottom
surfaces. The thickness of the wall is about 40 nm. The diffuse
halos in the selected area electron diffraction (SAED) pattern
(the inset picture in Fig. 1c) indicate the amorphous nature of
these hexagonal pellets, which is inconsistent with the XRD
results. According to our observation, Cr(OH)3$3H2O is unstable
in a dry and hot environment, it could be very easily dehydrated
and turned into an amorphous structure (Fig. S1, ESI†). We
conjecture that the different results between XRD and SAED are
due to the vacuum dehydration and electron radiolysis of TEM
samples in the high vacuum chamber. Fig. 1d shows the SEM
image of a broken Cr(OH)3 hexagonal pellet. It is found that the
inner surfaces of the hollow hexagonal pellets are very rough. It
seems that the wall of hollow hexagonal pellets consists of
aggregated nanoparticles.

To investigate the formation mechanism of Cr(OH)3 hexag-
onal pellets, we drew up 2 ml of mixed solution using a pipette
and dropped it into 50ml anhydrous alcohol to stop the reaction
aer different times of reaction. The reaction products were then
separated from the alcohol via an ultra-high speed centrifuge.
Fig. 2 shows the microstructural evolution of the reaction
products. At the beginning (1 s of reaction, Fig. 2a), a large
number of irregular nanoparticles with a diameter of 20–35 nm
were formed. Aer 3 s of reaction (Fig. 2b), a large number of
hexagonal pellets appeared. The average side length of the
hexagon is about 95 nm and the average height of the pellets is
about 135 nm. The surfaces of the hexagonal pellets are rough
and covered with 20–35 nm diameter particles. Besides pellets, a
large number of nanoparticles with a diameter of 20–35 nm still
could be observed. Aer 15 s of reaction (Fig. 2c), only hexagonal
pellets could be observed. The size andmorphology of the pellets
are similar to those of the pellets shown in Fig. 2b. The yield of
this solid product is 96.85%. One day later, the hexagonal pellets
grow up. The average side length of the hexagon turns to be 129
nm and the average height of the pellets is about 183 nm. The
surfaces of the hexagonal pellets become smooth and depressed,
as shown in Fig. 2d. Meanwhile, XRD characterization (Fig. S2,
ESI†) indicates that the hexagonal pellets begin to crystallize
during the course. The TEM image (the inset in Fig. 2d) shows
that cavities begin to appear in the interior of some pellets. From
then on, the appearance of the hexagonal pellets changes a little,
but their interior begins to change. Three days later, the hol-
lowing process of the hexagonal pellets is continued. It could be
observed from Fig. 2e that some pellets turn to be hollow
structures, some pellets are half hollowing, and some pellets are
still solid structures. Five days later, all the solid hexagonal
pellets change into complete hollow structures, as shown in
Fig. 2f. The detailed TEM image of the hollowing process is
provided in the ESI† (Fig. S3). The yield of the hollow product in
Fig. 2f is 58.18%.
12772 | J. Mater. Chem. A, 2014, 2, 12770–12775
Based on the above experimental observations, we conjured
that the hexagonal hollow pellets of Cr(OH)3 are formed by the
orientation self-assembly of nanoparticles and selective-etching
of the pellet interior. Fig. 3 shows schematic illustration of the
formation of the hollow microstructure. As reported in a
previous study,31 when NaBH4 is added into water, it will react
with water and forms BO2

� ions and hydrogen. BO2
� will

further hydrolyze into B(OH)3 and OH�. When the CrCl3 solu-
tions are mixed with the NaBH4 solutions, insoluble Cr(OH)3
nanoparticles are precipitated from the solution. The reactions
can be expressed as eqn (1)–(3).

BH4
� + 2H2O ¼ BO2

� + 4H2[ (1)

BO2
� + 2H2O ¼ B(OH)3 + OH� (2)

Cr3+ + 3OH� ¼ Cr(OH)3Y (3)

As shown in Fig. 2, Cr(OH)3 hexagonal pellets were formed
within a few seconds, it is hard to observe how these Cr(OH)3
nanoparticles form submicron structures with regular
geometric outlines. We suppose that the Cr(OH)3 hexagonal
pellets may be formed by the orientation self-assembly32,33 of
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Schematic illustration of the formation process of a hollow
Cr(OH)3 hexagonal pellet. (a) The CrCl3 solution is mixed with the
NaBH4 solution. (b) Cr(OH)3 nanoparticles form immediately. (c)
Nanoparticles self-assemble into a Cr(OH)3 hexagonal pellet. (d)
Ostwald ripening and surface reconstruction of the hexagonal pellet.
(e) H+ ions penetrate into the Cr(OH)3 hexagonal pellets and form
cavities inside. (f) Hollow hexagonal pellet forms.

Fig. 4 SEM images of products obtained at different reaction condi-
tions after 3 days of reaction. (a) 50 ml 11.25 mM CrCl3 solution react
with 50 ml 19.6 mM NaBH4 solution. (b) 50 ml 11.25 mM CrCl3 solution
react with 50 ml 22.4 mM NaBH4 solution. (c) 50 ml 15.39 mM CrCl3
solution react with 50 ml 30.5 mM NaBH4 solution. (d) 50 ml 1.2 mM
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Cr(OH)3 nanoparticles (Fig. 3b and c). Aer the Cr(OH)3
hexagonal pellets are formed, their structures are relatively
stable. However, the chemical reaction still continues. B(OH)3
could hydrolyze and form [B(OH)4]

� and H+. H+ will react with
Cr(OH)3 and etch the surfaces of Cr(OH)3 hexagonal pellets. At
the same time, Cr3+ will also hydrolyze and precipitate Cr(OH)3
again. Ostwald ripening and surface reconstruction take place
in the next 24 hours to form the perfect hexagonal pellets with
larger sizes and smoother surfaces (Fig. 3d). The reactions can
be expressed as eqn (4) and (5).

B(OH)3 + H2O ¼ [B(OH)4]
� + H+ (4)

Cr(OH)3 + 3H+ # Cr3+ + 3H2O (5)

Meanwhile, small H+ ions could also penetrate into the
Cr(OH)3 hexagonal pellets from the surface gaps, etch the
interior part and form cavities inside the hexagonal pellets, as
indicated in Fig. 3e. Cr3+ ions, the product of H+ ions etching
Cr(OH)3 hexagonal pellets, will continuously hydrolyze and
produce more and more H+ ions.34 Some H+ ions could diffuse
out of the particles, but most H+ ions are kept in the cavities
inside the hexagonal pellets. The concentration of H+ ions in
the cavities is higher than that in the solution, leading to a
relatively higher etching rate within the pellets. Further etching
removes the material from the core and produces a more
pronounced hollow structure. Aer several days of etching,
hollow Cr(OH)3 hexagonal pellets are formed, as shown in
Fig. 3f.

Obviously, the hollowing process is sensitive to the pH in the
solution and the density of the particles. We found that too low
pH will make hexagonal pellets etch from outside to inside
(Fig. S4, ESI†). pH between 5 and 6 is benecial to the hollowing
of Cr(OH)3 hexagonal pellets. A loose structure is helpful for
reducing the etching time of a hollow Cr(OH)3 hexagonal pellet.
This journal is © The Royal Society of Chemistry 2014
A hollow loose structure is obtained aer 12 hours of reaction in
our experiment (Fig. S5, ESI†).

The formation mechanism of hollow Cr(OH)3 hexagonal
pellets not only gives a simple one-step strategy for hollow
structure synthesis, but also provides an opportunity to control
the shape of hollow pellets. The shape of pellets is a function of
the reactant concentration and stoichiometric proportion of
reactants. The size and aspect ratio (height/(2 � side length)) of
Cr(OH)3 hexagonal pellets can be controlled by adjusting the
reaction conditions. Fig. 4 shows the SEM images of Cr(OH)3
hexagonal pellets obtained at different reaction conditions. It is
observed that the average aspect ratios of pellets in Fig. 4a and b
are about 0.55, similar to those in Fig. 1b, but the average side
lengths of hexagonal pellets in Fig. 4a and b are 133 nm and 505
nm, respectively. We also obtained pellets having a similar side
length to that in Fig. 1b (about 300 nm), but with the average
aspect ratios of 0.43 (Fig. 4c) and 1.15 (Fig. 4d), respectively. The
wall thickness of these hollow pellets can be controlled by the
aging times, as shown in Fig. 2. We have also synthesized oblate
spheres, donuts, nuts, tubes and other interesting micro/
nanostructures besides hollow hexagonal pellets by this simple
and cheap synthesis strategy (Fig. S6, ESI†). Vivid Cr(OH)3
nanostructures are candidates for different potential
applications.

Cr2O3-based catalysts have been proved active for the dehy-
drogenation of alkanes. Dehydrogenation of ethane, propane
and isobutane has become an important route to satisfy the
increasing demand for light olens at present.35–37 The dehy-
drogenation of isobutane by the unconventional oxidant CO2

has attracted interest from scientists and engineers because
CO2 could inhibit some of the side reactions such as coking and
cracking,38–41 which has been proved in our experiments too
CrCl3 solution react with 50 ml 3.2 mM NaBH4 solution.

J. Mater. Chem. A, 2014, 2, 12770–12775 | 12773
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(Fig. S7, ESI†). The total reaction equation can be expressed as
eqn (6).42

i-C4H10 + CO2 # i-C4H8 + CO + H2O (6)

Compared with solid particles, Cr2O3 hollow pellets have a
larger specic surface area, and should have higher catalytic
efficiency. Hollow Cr2O3 pellets were obtained by the annealing
of hollow Cr(OH)3 hexagonal pellets. We prepared four kinds of
hollow Cr(OH)3 hexagonal pellets with a similar aspect ratio
(0.75), a similar wall thickness (�40 nm) and different sizes. The
average height of each pellet is 203, 284, 396 and 510 nm,
respectively. The Cr(OH)3 hexagonal pellets were annealed at
620 �C for 30 minutes, and a dark green product was obtained.
XRD patterns (Fig. 5a) of the annealed product indicate that the
original Cr(OH)3 is changed into Cr2O3 (JCPDS no. 38-1479).
SEM images show that these dark green products are hexagonal
hollow boxes with porous and rough surfaces (Fig. 5b).

Fig. 5c and d show the isobutane conversion rate and alkene
selectivity as a function of temperature. The conversion and
selectivity of isobutane were dened as in previous research.43

In addition to the Cr2O3 hollow structures with different average
particle sizes, commercial Cr2O3 nanoparticles (particle size: 60
nm, bought from Adamas-beta, Switzerland) were also tested for
comparison. The amount of Cr2O3 hollow structures and
commercial Cr2O3 nanoparticles for all tests is 0.15 g.

Experimental results (Fig. 5c) indicated the isobutane
conversion as a function of temperature between 773 K and 973
K. From 853 K to 883 K, the isobutane conversions improve
remarkably, especially for those Cr2O3 hollow catalysts. More-
over, the smaller the Cr2O3 hollow structure is, the better
Fig. 5 Microstructure and the catalytic performance of the Cr2O3

hollow structures. (a) XRD patterns of the annealed product. (b) SEM
images of the Cr2O3 hollow structure. (c) Conversion of i-C4H10 as a
function of temperature. (d) Alkene selectivity of i-C4H10 dehydroge-
nation at different temperatures, in which Cr 203, Cr 284, Cr 396, and
Cr 510mean Cr2O3 hollow catalysts with an average height of 203 nm,
284 nm, 396 nm and 510 nm, respectively. Cr nanomeans commercial
purchased nano-Cr2O3 particles.

12774 | J. Mater. Chem. A, 2014, 2, 12770–12775
catalytic behavior it has. At 883 K, the Cr2O3 hollow structure
with an average size of 203 nm (Cr 203) shows the best
conversion (86%) among all catalysts, while Cr2O3 nano-
particles only exhibit a conversion of 60%. This is not only
because the smaller hollow Cr2O3 has a larger specic surface
area (ESI,† Table S1), but also due to the fact that hollow Cr2O3

particles agglomerate less than Cr2O3 nanoparticles. From 883
K to 913 K, the isobutane conversions in the reactor with a small
Cr2O3 catalyst (Cr 203, Cr 284, Cr 396, Cr nano) decreased,
which may due to the growth of the Cr2O3 grain. The conversion
of isobutane increases when the temperature is higher than 913
K.We speculate that the reason is that the pyrolysis of isobutane
became serious at high temperatures, because the hydrocarbon
cracking process is an endothermic reaction.44 Fig. 5d shows
that the selectivity of Cr2O3 catalysts with different average
heights (203 to 510 nm) and commercial purchased nano-Cr2O3

particles has a peak at 853 K, the selectivity of the hollow Cr2O3

catalyst with an average height of 284 nm reaches 70% at 853 K.
The varying trend of selectivity is different from that of
conversion. Isobutene is easy to further degrade intomethane, a
larger surface area could decrease the alkene selectivity at high
temperatures. According to the denition of selectivity, it may
result in the selectivity peak at 853 K. Considering the balance
of cost and catalytic efficiency, 883 K is an optimal working
temperature for these hollow Cr2O3 catalysts. In previous
research, it was found that the selectivity of Cr2O3 could be
improved by doping other metal oxides such as Zr, Ce, and
Ca.45–47 By an appropriate doping process, we believe that the
hollow Cr2O3 catalyst could provide considerable isobutane
conversion and alkene selectivity.
Conclusions

In summary, we provide a one-step chemical reaction to
synthesize hollow structures with a high yield and low cost.
These hollow structures form through orientation self-assembly
of nanoparticles and selective-etching of the pellet interior. By
adjusting the reaction conditions, hollow Cr(OH)3 hexagonal
pellets with different sizes and aspect ratios were synthesized.
Our synthesis simplies the synthetic process of hollow struc-
tures. Hollow Cr2O3 hexagonal pellets were obtained by
annealing the hollow Cr(OH)3 hexagonal pellets. Smaller Cr2O3

hollow pellets have been proved to be more efficient for the
dehydrogenation of isobutane. At 883 K, a Cr2O3 hollow struc-
ture with an average size of 200 nm has a conversion of 86%.
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