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This paper reports for the first time the size control of well-defined and morphologically pure alumina (y-
Al,O3) nanorods, presenting an economic and reproducible route for the manufacture of these materials
with tuneable sizes for useful applications, for example serving as adsorbents, catalysts and catalyst
supports. A detailed understanding of the different steps taking place during the hydrothermal synthesis
has been deduced herein. Understanding the effect of temperature on the relative rates of these steps is
essential for achieving size and morphology selectivity, but has often been overlooked in the literature.
This systematic study identifies six distinct steps taking place during the synthesis: (1) formation of A(OH)s,
(2) dissolution of Al(OH)s into hexameric based fragments (3) thermolysis at temperatures = 170 °C into
soluble AIOOH (boehmite) building blocks (4) formation of lamellar AIOOH sheets (5) scrolling into
nanorod crystallites and subsequent oriented attachment into high aspect nanorods and (6) growth by
Ostwald ripening to low aspect nanorods. The obtained AIOOH nanorods are converted into y-Al,Oz with
conservation of morphology by calcination at 500 °C. Nanorod formation (step 5) can only be achieved at
temperatures = 180 °C (after 20 hours). At 180 °C, growth of the rods (step 6) takes place simultaneously
with their slow formation (step 5) leading to two distinct nanorod products with different aspect ratios. At

higher temperatures (200 °C), the rate of formation (step 5) is fast, quickly reaching completion, allowing
Received 2nd March 2017 for substantial growth of th ds and resulting i dal size distribution. Th h
Accepted 11th April 2017 or substantial growth of the nanorods and resulting in a monomodal size distribution. Thus, we have

identified that y-ALOs rods with high aspect ratio can be selectively synthesised at 180 °C for =20 hours,
DOI: 10.1039/¢7ra02590d while low aspect ratios are produced at 200 °C for =10 hours. In all cases, the average size of the

rsc.li/rsc-advances nanorods increases linearly with prolonged reaction time due to their continuous growth.
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1. Introduction

Ceramic materials such as, alumina (Al,O3), are inexpensive
materials commonly used as catalyst supports in numerous
industrial processes." The widespread use of Al,O; in hetero-
geneous catalysis has arisen from its high chemical and thermal
stability as well as its desirable textural properties such as
surface area, porosity and surface acidity/basicity.” The gamma
polymorph is most commonly used for catalyst supports due to
its high specific surface area.* Despite the widespread use of
bulk v-Al,O;, in recent years, the focus has shifted towards
nanostructured materials since altering the morphology at the
nanoscale can potentially lead to materials with distinct phys-
ical and chemical properties. In addition, morphology control
enables the selective exposure of different crystal surfaces,
which may have distinct interactions with metal active sites and
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reactants. These specific interactions can be exploited to offer
additional stability to metal nanoparticles when implementing
nanostructured y-Al,O; as a catalyst support.

Several routes have been reported for the synthesis of
nanostructured materials including hydrothermal,>*** sol-
gel,”"” anodisation,'®* atomic layer deposition”* and wet
etching.”” Amongst these, hydrothermal methods are popular as
they are cheap, reproducible, simple and can be easily scaled
up. There are numerous published reports of hydrothermal
syntheses of y-Al,O; using structure directing agents (SDAs)
such as surfactants”® and polymers,”** which function as
a template. However, these additives can affect the product
crystallinity and SDAs can be hard to remove completely from
the final materials. As such, hydrothermal procedures capable
of maintaining high product quality without SDAs are more
desirable and are the focus of the work herein. An alternative
technique to direct product morphology is the use of anions
such as sulphate, chloride and nitrate, which can adsorb pref-
erentially to particular crystal surfaces to inhibit growth in
certain directions.”* Since anions can be easily removed by
washing, they do not compromise the quality of the product.
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Table 1 Review of the hydrothermal syntheses of 1D AIOOH and y-Al,Os in acidic conditions in absence of polymer/surfactant®
Size (nm)
Precipitant Temperature
agent or base pH (°Q) Time (hours) Morphology Length Diameter SAgpr (m® g™") Ref.
NaOH 3.5 200 20 Nanorod (y-AlIOOH) 260 27 46 3
NaOH 200 24 Nanorod (y-AlIOOH) 200-300 10-30 85 4
5 200 24 Nanorod (y-AlIOOH) 200-300 10-30 24
C¢HsNH, — 200 24 Nanorod (y-AIOOH) 300-700 25-40 — 25
NaNH, — 200 4-6 Lamellar (y-AIOOH) 20-40 20-25 — 5
— 200 12 Nanotube (y-AIOOH) 100 2-5 —
— 200 20 Nanorod (y-AIOOH) <180 15-20 —
NH,OH 5 200 48 Nanorod (y-AIOOH) 100-400 20-30 — 26
NH; 5 200 48 Nanorod (y-AIOOH) 140-320 — — 27
(NH,),CO; — 100 24 Nanorod (y-Al,03) 90-140 35-45 165 28
— 100 36 Nanorod (y-Al,03) 90-140 35-45 152
HCO-N(CH3), 2.5 150 24 Nanorod (y-Al,03) <50 ~5 457 29
(C,H;),N(OH) — 170 72 Nanofibre (y-Al,03) 300-1000 8-15 210 30

“ — indicates information not provided.

The hydrothermal conditions used in the literature to syn-
thesise 1D AIOOH and y-Al,O; without SDAs are summarised in
Table 1. It is clear from our previous work® that an acidic
medium is required to hydrothermally produce 1D nano-
structures and the literature suggests at least 12 hours at
temperatures exceeding 100 °C are needed. It is important to
note that Table 1 includes data for both AIOOH and +y-Al,O;
materials. While AIOOH can be easily converted to y-Al,O3 by
calcination, the crystal lattice contraction resulting from its
dehydration has an effect on its size, which should be taken into
consideration when comparing sizes.

Despite the work in the area, the ability to synthesise nano-
structured alumina with simultaneous control over the
morphology and size has not yet been reported. For example,
syntheses at 200 °C for 24 hours can produce y-AIOOH nano-
rods of either 200-300 nm or 300-700 nm length as reported by
Yang* and Ma et al.>® respectively. We believe that the key to
developing control of the 1D nanostructure size lies within the
understanding of the mechanism.

In our previous work,® we demonstrated morphological control
of v-Al,O; materials by varying the NaOH : Al ratio, producing
morphologically pure 2D nanoplates and 1D nanorods in basic
and acidic conditions respectively.> Herein, we focus on the size
control of y-Al,O; nanorods by developing an understanding of
the synthetic mechanism using a combination of >’Al NMR and
electron microscopy techniques. This work has led to the identi-
fication of distinct steps leading up to nanorod formation and
growth, where variations in synthesis temperature and time leads
to controlled vy-Al,O; sizes. Subsequently, the mechanistic
understanding presented herein can be applied to tailor the -
Al,O; nanorod size by controlling synthesis temperature and time,
which was not previously possible with hydrothermal methods.

2. Experimental
2.1 Synthesis of y-alumina nanorods

The hydrothermal synthesis of y-Al,O; has been previously re-
ported.® In a typical synthesis, 20 mL of 1 M NaOH solution is
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added to an aqueous solution containing 9.6 g of Al(NO;);-
-9H,O0 in a PTFE lined stainless steel autoclave. The reactant
quantities correspond to a NaOH : Al molar ratio of 0.77: 1
which is known from our previous work® to yield morphologi-
cally pure y-Al,O; nanorods after hydrothermal synthesis at
200 °C for 20 hours. The initial pH of this mixture is 3.5. The
precursors are treated hydrothermally in an air-circulating oven
for 10 to 80 hours at 150 to 200 °C. After this time, the autoclave
vessel is naturally cooled down to room temperature and the
resulting white y-AIOOH precipitate and solution are separated
by centrifugation (4000 rpm, 3 minutes). The solid product is
dried overnight in a vacuum oven at 80 °C, crushed into a fine
powder and calcined at 500 °C for 3 hours (3 °C min~" rate). The
final y-Al,O; product is washed with distilled water and dried.

2.2 Characterisation

Transmission electron microscopy (TEM) was carried out using
a JEOL JEM1200EXII instrument. Scanning electron microscopy
(SEM) was carried out using a FEI Nova NanoSEM 450 using 5 kV
accelerating voltage and 2.5 a.u. spot size at a working distance
of 4.8 mm. Samples were sputter coated with approximately
6 nm layer of platinum to minimise charging. Exact platinum
coating thickness was not determined and thus SEM is used for
comparison and qualitative data of size and morphology rather
than quantitative analysis. N, sorption measurements were
carried out at —196 °C using a Micromeritics ASAP 2020 appa-
ratus. All samples were degassed at 150 °C prior to analysis.
Specific surface area was calculated using the BET method.
Powder X-ray diffraction (pXRD) patterns were obtained using
a Bruker D8 Advance diffractometer and a position sensitive
VANTEC-1 detector with Cu Ka radiation, operated at 40 kV and
40 mA. *’Al NMR experiments were run on a 500 MHz Bruker
AV500 with 130.32 MHz resonance frequency, using a ca. 90
degree pulse, no proton decoupling (pulse sequence “zg”),
spectral width of 500 ppm, acquisition time of 0.12 second, delay
time of 1 second and 20 to 1200 scans for each experiment. All
solutions were diluted in D,O.

This journal is © The Royal Society of Chemistry 2017
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3. Results and discussion
3.1 Aluminium species involved in AIOOH formation

We have recently reported?® that prior to hydrothermal synthesis
of nanostructured alumina, addition of an aqueous solution of
aluminium nitrate (Al(NOs);-9H,0) to aqueous NaOH solutions
leads to the formation of aluminium hydroxide solid (Al(OH);),
according to reaction (1). We have also demonstrated that
Al(OH); is the precursor to the boehmite (y-AIOOH) hydro-
thermal product (reaction (2)), which is converted into y-Al,O;
by calcination at 400-700 °C.

AI(NOs);-9H,0 (aq) + 30H™ (aq) —
AI(OH); (s) + 9H,O () + 3NO5~ (aq) (1)

AI(OH); (s) — y-AIOOH (s) + H,0 (1) @)

The morphology is conserved during this calcination step
and consequently, the capacity to control the nanostructured vy-
Al,O; morphology and size is during the formation of y-AIOOH
step (reaction (2)).*® Herein, we now develop upon this under-
standing, recognising intermediate steps taking place during
these processes, providing useful insights on the overall
mechanism of formation of y-AIOOH nanorods, ultimately
leading to nanorod size control.

The precise nature of the species resulting from hydrolysis of
aluminium salts depends on a delicate balance of AI**
concentration, base concentration, pH, degree of stirring,
temperature, rate of base addition and aging time.** Further
insights into the transformation of Al(NO3);-9H,0 to Al(OH);
(reaction (1)), reveals that the conversion comprises of several
intermediate steps. The process starts with the initial formation
of [Al(H,O)¢]*" cations (reaction (3)), easily susceptible to
deprotonation as the small, highly charged Al*>* cation polarises
and weakens the O-H bonds, resulting in sequential deproto-
nation to form aluminium monomers shown in reaction (4) and
(5). It is worth noting that in an aqueous solution of aluminium
nitrate, without the addition of base, the equilibrium position
of reaction (4) and (5) is far to the left. However, the addition of
base, such as NaOH, shifts the equilibria in reactions (4)-(6)
towards the precipitation of solid Al(OH);.

AI(NO3);-9H,0 (aq) —
[AI(H,0)e]* (aq) + 3NO; ™ (aq) + 3H,0 ()  (3)

[Al(H:0)e]*" (aq) + OH™ (aq) &
[AOH)(H0)s]*" (aq) + H,O () (4)

[AOH)(H0)s]" (aq) + OH™ (aq) S
[AI(OH),(H;0)4]" (ag) + HO () (5)

[AI(OH),(H0)]" (aq) + OH™ (aq) S
AI(OH); (s) + 4H,O0 (1) (6)

The use of >’Al NMR provides information about the species
present in the reaction solution before and after hydrothermal
treatment, facilitating unequivocal identification of any
symmetrical aluminium species including monomers, dimers/

This journal is © The Royal Society of Chemistry 2017
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trimers and tridecamers.*” Due to the quadrupolar nature of
?7Al, only symmetrical species are detected, resulting in a vast
number of unidentifiable aluminium monomers, oligomers
and polymers potentially present in solution.*

The formation of monomeric aluminium species by aqueous
dissolution of Al(NO3);-9H,0 is evidenced by >’Al NMR spectra,
shown in Fig. 1a. The peak at 0 ppm corresponds to all
symmetrical, monomeric aluminium species in an octahedral
arrangement including [Al(H,0)s*", [Al(OH)(H,0)s]** and
[Al(OH),(H,0),]".*

The mechanism of Al(OH); formation by polymerisation of
[Al(OH),(H,0),]" cations (reaction (6)) is described in detail by
reactions (7)—(9). In this process, the deprotonated monomers
can dimerise, as shown for [Al(OH),(H,0),]" in reaction (7) and
subsequently, monomers and dimers can join to form trimers
as in reaction (8). The dimers can aggregate into Als hexamer
rings ([Alg(OH);5(H,0)1,]°") as shown in reaction (9). Further
aggregation of the hexameric rings results in the precipitation
of Al(OH); which will be discussed in further detail later in this
section but first the solution composition is examined.

2[A1(OH)2(H20)4]+ (aq) —
[AL(OH),(H,0)s]*" (aq) + 20H™  (7)

[AI(OH)z(H20)4]+ (aq) + [Alz(OH)z(Hzo)8]4+ (aq) —
[Al;(OH)4(H0),0°* (aq) + 2H0 () (

(<]
—

3[AL(OH),(H0)4]"" (aq) —
[Al(OH)15(H;0)15]" (aq) + 6H,0 (1) + 6H" (aq)  (9)
Upon the addition of NaOH to the aqueous solution of Al*",
the formation of dimers/trimers (reactions (7) and (8)) and tri-
decamers ([Al;304(OH),4(H,0)1,]”") in solution is evidenced by
the >’Al NMR peaks at 4.3 and 63 ppm respectively in Fig. 1b.3"3
The formation of these species does not proceed in the absence
of base under the studied conditions as shown by *’Al NMR

Al = [Al(H,0)¢]%*

0
Aly3 = [AIO4Al;5(OH),54(H,0)1,]™ Gones

@ 63 ppm
Al = [Al,(OH),(H,0)g]*
or Al; = [Al3(OH) 4(H,0)0]5*
@ 4.3ppm

Background

e T
e
b) —— )

% 8 70 60 50 40 30 20 10 0 -0
27Al Chemical shift (ppm)

e) — S gl_.g

Fig.1 2’ALNMR spectra for (a) aqueous solution of ANOz)s-9H,0, [All
= 1.6 M (b) solution of Al(NO3)3-9H,0 in an aqueous NaOH solution
with a NaOH : Al molar ratio of 0.77 : 1 and (c—e) remnant solution
after hydrothermal treatment of precursors with initial NaOH : Al
molar ratio of 0.77 : 1 after 20 hour at (c) 150 °C (d) 180 °C and (e)
200 °C.
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AIOOH building blocks

Fig. 2 Representation of the transformation of planar gibbsite fragments to AIOOH building blocks by thermolysis. Each small hexagon
represents an octahedral arrangement of atoms around the Al atom. Ligands are colour coded with green, black and purple representing H,O,

OH™ and O2~ respectively.

(Fig. 1a), despite the fact that nitrates are believed to facilitate
dimerisation.**

At a low NaOH : Al ratio of 0.77, corresponding to pH values
<4, the aluminium species in solution tend to be monomeric
and dimeric by nature.*® Its basic hydrolysis results in the
formation of Aly3, provided that the OH : Al ratio is between 0.5
and 2.5.%*%7 Al;; corresponds to a 3D tridecamer, made up of
a central aluminium tetrahedron (AlO,) surrounded by four
planar trimers ([Al;(OH),(H,0);0]°"), with the chemical formula
of [Al;304(OH),4(H,0),,]”". 1t is based on the structure of
a Keggin cluster,* initially elucidated to describe the structure
of heteropoly acids.*” This structure forms because the high
concentration of OH™ in the local environment during base
addition yields the tetrahedral centre of [Al(OH),]”, which is
subsequently surrounded by four planar trimers ([Al;(OH)4(-
H,0);]’"), individually formed as per reaction (8).** The
concentration of Al,; increases with slow addition of base,
whereas fast base injection favours the precipitation of
Al(OH);.%° The Al,; species is detectable by >’Al NMR (peak at 63
ppm) due to the symmetrical, tetrahedral environment of the
central AlO,. It is worth noting that the relative concentration of
aluminium atoms within the Keggin cluster is 13 times higher
than that shown by the area of its corresponding >’Al NMR
peak, as only the central tetrahedral aluminium atom is
detectable by >’Al NMR.**

As well as the formation of a complex combination of soluble
aluminium species discussed so far, the addition of NaOH to
aqueous solutions of aluminium nitrate also results in the
formation of solid Al(OH); via polymerisation. Prior to hydro-
thermal treatment, the initial formation of solid Al(OH); by the
addition of NaOH is limited by the OH™~ concentration in the
solution (reactions (3)-(6)). Thus, NaOH is the limiting reagent
for the formation of AIOOH product (reaction (2))* after hydro-
thermal synthesis, despite the presence of other aluminium
species in solution. Interestingly, due to the low synthesis pH,
the formed Al(OH); undergoes hydrolysis to reform soluble
gibbsite fragments, whose size depends on the OH/AI ratio.*!
Indeed, we found that at pH 3.5 (OH/Al = 0.77), solid Al(OH);
fully dissolves in aqueous solution at room temperature after 48

22372 | RSC Adv., 2017, 7, 22369-22377

hours. Furthermore, when the initial solution is heated to 50 °C,
the solid Al(OH); rapidly (<30 minutes) dissolves, demon-
strating that, as expected, the dissolution rate increases with
temperature. Consequently, under acidic hydrothermal condi-
tions (OH/Al = 0.77), solid Al(OH); dissolves rapidly into gibb-
site fragments (pictured as reactants in Fig. 2). If the
hydrothermal temperature is high enough (above 170 °C),
deprotonation or hydrolysis of the gibbsite fragments by heat-
ing (thermolysis) takes place, associated with an observed
decreased in pH due to the liberation of protons as depicted
simplistically in Fig. 2. As deprotonation advances, the forma-
tion of relatively stable, uncharged species leads eventually to
the precipitation of solid AIOOH by crystallisation.

We previously reported® that the amount of Al(OH); formed
determines the amount of AIOOH produced and this can now
be explained as it governs the amount of gibbsite fragments
which can reform in solution upon dissolution, which cannot
form without base addition.

The final amount of AIOOH product formed after hydro-
thermal treatment during 20 hours increases as the reaction
temperature is increased, as shown in Table 2. Under the
studied NaOH : Al molar ratio conditions of 0.77, the maximum
theoretically achievable Al,O; yield is approximately 30 wt% as
conversion to essential precursor Al(OH); (reaction (3)-(6)) and
subsequent gibbsite fragments, is incomplete due to the non-
stoichiometric NaOH : Al ratio.* Such maximum conversion is
only achieved after 20 hour synthesis at temperatures = 200 °C,
below which, the rate of conversion of gibbsite fragments into

Table 2 v-Al,O3 yield following hydrothermal treatment with 1 M
NaOH (0.77 NaOH : Al molar ratio) for 20 hours at different reaction
temperatures

Synthesis temperature (°C) v-AlL,O; yield (wt%)

150 0
165 0
170 7
180 21
200 30

This journal is © The Royal Society of Chemistry 2017
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AlOOH building blocks is kinetically limited to yield less than
the maximum theoretical product yield at =180 °C.

On the contrary, at hydrothermal temperatures = 165 °C
thermolysis of the gibbsite fragments (Fig. 2) is not achieved
and consequently no solid product is formed as Al(OH); is
irreversibly dissolved into gibbsite fragments due to the solu-
tion acidity. Indeed, there is no change in the solution pH,
confirming the absence of thermolysis reaction. The same is
observed even if the synthesis is carried out for longer times (40
hours), confirming that at temperatures < 165 °C, the process is
not simply kinetically limited but rather it is not feasible. In
addition, if this remaining solution is subsequently treated at
200 °C over 20 hours, a boehmite product is obtained with the
same physical properties as boehmite synthesised by a single
treatment at 200 °C for 20 hours. It is important to mention that
the literature contains several studies where the synthesis of
boehmite is reported at temperatures as low as 120 °C.>**°
However, this is likely due to the different nature of aluminium
and base precursors employed in these cases which undoubt-
edly affects the equilibria and activation energies of the inter-
mediate synthetic steps.

The *>’Al NMR spectra of the supernatant solutions after
hydrothermal treatment at different temperatures (Fig. 1) also
show that when boehmite product is formed (=170 °C), the
dimer/trimer peak at 4.3 ppm disappears whereas it remains
when no solid product is formed at =165 °C. This observation
confirms that the dimer/trimer plays an important role in
forming the final AIOOH solid product. Monomers are present
in the post reaction solution, as observed by *’Al NMR, after
hydrothermal treatment in the studied temperature range
(Fig. 1c-e) due to the non-stoichiometric NaOH : Al ratio of 0.77.

Fig. 3 TEM micrographs of y-Al,Oz obtained from hydrothermal
treatment for 20 hours with 1 M NaOH (0.77 NaOH : Al molar ratio) at
(@) 170 °C (b) 180 °C and (c) 200 °C.
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In addition, >’Al NMR spectra in Fig. 1c-e show that after
hydrothermal treatment at all temperatures within the studied
range, the Al;; Keggin cluster is no longer present regardless of
the formation of solid boehmite product. This suggests that the
Aly; Keggin cluster is not directly significant for the formation
of AIOOH. Indeed, the concentration of Al,; Keggin cluster is
reported to decrease overtime in acidic conditions due to its
clustering into species undetectable by >’Al NMR.**

3.2 Mechanism of formation of 1D AIOOH nanorods

Comparison of the alumina rods produced over 20 hours with
a NaOH : Al molar ratio 0.77 at different temperatures provides
further insights of the formation mechanism of the boehmite
structures. At temperatures = 180 °C, pure nanorods are formed
however, at lower temperatures (e.g. 170 °C), a variety of
morphologies, including 2D rectangular nanoplates and nano-
particles, are observed (Fig. 3a). This is due to the lower rate of
conversion of these intermediate products into the more ther-
modynamically stable nanorods via scrolling followed by
oriented attachment (Fig. 8). This scrolling step forming
nanorods from lamellar sheets does not take place at 170 °C,
while it is kinetically limited at 180 °C, as shown by the low
aluminium yield obtained (Table 2). In all cases, the pXRD
pattern (Fig. S17) of the calcined boehmite materials (500 °C)
can be indexed to the y phase of Al,O; (JCPDS card no. 10-0425),
without the presence of other crystalline phases. Additionally,
the materials produced at temperatures = 180 °C present
similar BET surface areas (~145 m> g~ '), irrespective of the
distinct nanorod dimensions shown by TEM (Fig. 3b and c). By
contrast, the alumina material produced under the same
conditions at 170 °C has a lower BET surface area (122 m> g™ %),
likely due to the difference in morphology (Fig. 3a) and porosity
(Fig. S57).

Table 3 shows that as the synthesis temperature increases,
the crystallite size increases. Interestingly, a 10 °C increase from
170 to 180 °C results in doubling of the crystallite size in both
(440) and (400) directions whereas a 20 °C increase from 180 °C
to 200 °C only results in a <1 nm increase in size due to higher
rate of crystallite formation as temperature increases. Addi-
tionally, rod formation is not observed at 170 °C, while it is the
principal morphology obtained at higher temperatures.

For the samples synthesised at 180 °C and 200 °C, the crys-
tallite size in both the (400) and the (440) direction is of
comparable size of 6 to 7 nm. However, SEM micrographs in

Table 3 Properties of y-Al,Oz materials synthesised at 170, 180 and 200 °C for 20 hours (0.77 NaOH : Al molar ratio)

Average crystallite

size? (nm)
Synthesis temperature (°C) Morphology SAper” (m> g™ 1) (440) (400)
170 Rectangular sheets and nanoparticles 122 3.1 2.9
180 Rods 144 6.4 6.1
200 Rods 146 7.1 6.8

% SAgpr: specific surface area calculated using the BET approximation using N, sorption data at —196 °C. ® Calculated from line broadening at half
maximum intensity of (440) and (400) XRD peaks using the Scherrer equation.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 show that the nanorods synthesised at 180 °C are longer
and thinner than those synthesised under comparable condi-
tions at 200 °C. It is important to mention that the samples were
coated with a thin layer of platinum to reduce charging and
consequently quantitative analysis of these micrographs is not
applicable. High resolution TEM analysis of the material syn-
thesised for 20 hours at 200 °C (Fig. 5) confirms that the rods
consists of attached crystallites, in agreement with the small
crystallite size calculated by pXRD (Table 3). The individual
crystallites aggregate by the oriented attachment mechanism.

The mechanism of oriented attachment is driven by the
presence of NO; ™ anions in the solution which stabilise specific
AIOOH surfaces, inhibiting the growth in that direction.
Specifically, NO;™ anions bind to the AIOOH surface through
the surface hydroxyl groups which are protonated in acidic
conditions to ~OH,", making it capable of attracting a negative
ion.** This effect can be tuned by controlling the adsorption
strength of the anion and their complexing ability with AI’*,
following the order SO,>~ > Cl~ > NO; ~, whereby SO,>~ presents
the strongest growth promotion in the direction where no
adsorption interaction is possible.* Interestingly, poor crystal-
linity and the formation of short nanorods (aspect ratio 2-4)
have been reported elsewhere with NO; ™, which may due to the
morphology directing polymer employed.* This is contrary to
our observations, likely due to the fact that our synthesis does
not use a structure directing agent.

3.3 Nanorod growth

In order to fully understand the reasons behind the different
nanorod dimensions observed in Fig. 3b and ¢ and consequently

Fig. 4 SEM micrographs of y-Al,Os nanorods synthesised for 20
hours with 1 M NaOH (0.77 NaOH : Al molar ratio) at (a) 180 °C and (b)
200 °C.

Fig. 5 High resolution TEM micrograph of nanorods synthesised with
1 M NaOH (0.77 NaOH : Al molar ratio) at 200 °C for 20 hours (a)
before and (b) after calcination at 500 °C.
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the effect of temperature on the size of the rods, a series of
hydrothermal syntheses were carried out at 180 °C and 200 °C for
different durations from 10 to 80 hours. Fig. 6 shows represen-
tative TEM micrographs of the materials. All of the samples show
high morphological purity, except the sample synthesised at
180 °C for 10 hours (Fig. 6a) where nanorods are not formed but
rather a mixture of morphologies, including sheets and nano-
particles, are observed, resembling the sample synthesised at
170 °C for 20 hours (Fig. 3a). This observation confirms that the
scrolling of the AIOOH sheets, taking place under acidic condi-
tions® herein, is kinetically limited at such low temperatures.

Careful characterisation of the samples also reveals the
presence of two distinct products formed at 180 °C, including
rods with a high aspect ratio (>40), mixed with considerably
lower aspect ratio (<17) rods. This is clearly illustrated by the
bimodal length and diameter size distribution (Fig. S2t). Both
products are separated by post-synthesis sedimentation; the
high aspect ratio rods have high surface energy and aggregate,
falling to the bottom of the autoclave while the low aspect ratio
rods remain in suspension and are collected using centrifuga-
tion. Histograms of the lengths and diameters are shown in the
ESI (Fig. S2t), with average values summarised in Table 4. The
PXRD patterns (Fig. S3 and S47) of the materials in Fig. 6 show
the presence of a single crystalline phase corresponding to y-
Al,O; (JCPDS card no. 10-0425).

As shown in Table 4, similar surface areas are observed for -
Al,03; nanorods synthesised for 20 hours at 180 °C and 200 °C
despite the difference in size of the low aspect ratio nanorods. This
is likely due to the sample produced at 180 °C containing both low
and high aspect ratio nanorods, the later has a higher surface area,
thus increasing the average surface area of the sample. Despite the
variability of nanorod dimensions as the hydrothermal duration
changes, all samples produced at 200 °C present a similar aspect
ratio (~10), suggesting a multi-directional nature of the dissolu-
tion-recrystallisation mechanism.

All the samples summarised in Table 4 are mesoporous with
a characteristic type IV N, sorption isotherm with hysteresis
(Fig. S57). Additionally, all nanorods produced, independently
of the synthesis time, present a similar crystallite size (~5-7
nm), calculated using the Scherrer equation with the line
broadening at half maximum intensity of the (440) and (400)
diffraction peaks. The high resolution TEM micrographs shown
in Fig. 5 further confirms that the rods are indeed formed by
agglomeration of crystals, via the oriented attachment of
AIOOH nanorod crystallites formed by scrolling of AIOOH
sheets.

Rods with high aspect ratio (long and thin) are formed by
oriented attachment of the scrolled crystallites formed under
acidic conditions. Once the 1D high aspect boehmite nanorods
have been formed, they are susceptible to growth via Ostwald
ripening* following a dissolution/recrystallisation mechanism,
which has been observed in other 1D ceramic structures.*” This
growth step takes place simultaneously with further rod
formation, leading to the bimodal size distribution observed for
the samples synthesised at 180 °C. In addition, due to the
formation and growth steps taking place simultaneously, the
narrow diameter and length size distribution achieved after 10

This journal is © The Royal Society of Chemistry 2017
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Fig.6 TEM micrographs of y-Al,Oz synthesised with 1 M NaOH (0.77 NaOH : Almolar ratio) at 180 °C for (a) 10 hours (b) 20 hours (c) 40 hours (d)
80 hours and at 200 °C for (e) 10 hours (f) 20 hours (g) 40 hours (h) 80 hours.

Table 4 Physical properties of y-Al,Oz nanorods synthesised at 180 °C and 200 °C for 10 to 80 hours®

Average
crystallite
size? (nm)
Temperature Synthesis time ~ Average length Average diameter -
(°Q) (hours) (nm) (nm) Aspect ratio” SAgpr’ (m* g™ Y) (440) (400) Yield (wt%)
180 °C 10 N/A N/A N/A 117 2.6 50.1 11
20 115 8 14 144 6.4 6.1 21
318 5 64
40 133 11 12 147 5.1 4.8 28
287 7 41
80 213 18 12 123 59 5.8 23
518 13 40
200 °C 10 80 8 10 161 6.5 59 20
20 128 13 10 146 7.1 6.8 30
40 182 20 9 86 6.9 6.4 25
80 290 26 11 106 7.3 6.4 15

“ v-Al,O3 synthesised at 180 °C and 200 °C with 1 M NaOH (0.77 NaOH : Al molar ratio). Data for high aspect ratio rods shown in italics.
Length : diameter ratio. © SAggy: specific surface area calculated using the BET approximation using N, sorption data at —196 °C. ¢ Calculated
with Scherrer equation using line broadening at half maximum intensity of (440) and (400) XRD peaks.

hours of synthesis, gets broader as the hydrothermal time is
increased to 80 hours. At 200 °C, the rate of both steps is
increased, resulting not only in a monomodal length and
diameter size distribution, but also in rods with smaller aspect
ratios. The increased rate of scrolling and oriented attachment

This journal is © The Royal Society of Chemistry 2017

of AIOOH crystallites forming rods at 200 °C compared to 180 °C
is evidenced by the higher aluminium yields achieved in the
former case for a given synthesis time (Table 4). Furthermore,
the ease of growth by dissolution-recrystallisation depends on
the degree of solubility of the crystallites,”” which increases as
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Fig. 7 Variation in diameter of low aspect ratio nanorods following
increased synthesis time (10 to 80 hours) at 180 °C (closed square) and
at 200 °C (open square).

the temperature increases, leading to a higher growth rate at
200 °C compared to 180 °C. This is evidenced in Table 4 and
Fig. 7 as the diameter for the low aspect rods synthesised at
200 °C are larger than the equivalent material produced for the
same time but at 180 °C. This is in agreement with previous
observations by Xu et al.** who reported an increase in the
diameter and length of the rods with increasing reaction
temperature from 120 to 180 °C.

In addition, the length and diameter of the rods is increased
by extending the synthesis time as shown in Fig. 7 for the low
aspect nanorods. One should notice that the average diameter
of the low aspect ratio rods produced after 20 hours at 180 °C is
similar to the diameter of the nanorods produced after only 10
hours at 200 °C. Since nanorods are not formed after 10 hours at
180 °C, no data point is included in Fig. 7. These observations
demonstrate that low aspect ratio nanorods with similar
dimensions can be produced at 200 °C for shorter synthesis
time (10 hours) than at 180 °C with double synthesis time (20
hours). In the latter case, the rods will be simultaneously
produced with high aspect ratio rods, which can be separated by
sedimentation as mentioned previously.

Gibbsite fragments

Step 1 Step 2
Al(NO;);.9H,0 —— AI(OH); ——>
+ Room Room
NaOH temperature temperature

Step 6

— +.
T>180°C

Low aspect High aspect

ratio nanorod ratio nanorod

Fig. 8
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Based on the systematic study presented herein, the overall
process for the hydrothermal synthesis of nanorods in acidic
conditions has been elucidated, revealing a six step mechanism,
summarised in Fig. 8. Initially, NaOH addition to an aqueous
solution of Al(NO3);-9H,O forms Al(OH); (step 1), which
undergoes hydrolysis into fragments of gibbsite due to the
acidic conditions (step 2). At a hydrothermal temperature =
170 °C, thermolysis (step 3) takes place to yield AIOOH building
blocks that subsequently crystallise into lamellar sheets of
AlOOH, (step 4), evidenced by TEM analysis of the product ob-
tained after hydrothermal treatment at 170 °C. The formation of
nanorods (step 5) proceeds only at =180 °C for 20 hours,
involving scrolling to form nanorods crystallites which can
attach in an oriented way to form high aspect ratio nanorods. At
higher temperatures (200 °C), step 5 can be achieved after
a shorter hydrothermal treatment time of 10 hours. These
nanorods can grow (step 6) in a non-selective, multi-directional
manner by Ostwald ripening, resulting in low aspect ratio (<20)
nanorods. At 200 °C, step 5 is sufficiently fast that only low
aspect ratio nanorods are observed, whereas 180 °C results in
a mixture of low and high aspect ratio nanorods.

4. Conclusion

In conclusion, a systematic study of the effect of temperature and
time on the hydrothermal synthesis of y-Al,O; nanorods is pre-
sented here, revealing an in-depth understanding of the forma-
tion mechanism. Herein, we have presented and discussed an
evidence based six-step mechanism, taking into account all
aspects of the process. The formation of Al(OH); (step 1) and its
consequent dissolution into hexameric gibbsite fragments (step
2) takes place before hydrothermal treatment. This is followed by
thermolysis into AIOOH blocks (step 3) followed by lamellar
AlOOH formation (step 4), their scrolling and oriented attach-
ment to form AIOOH rods (step 5) and their simultaneous growth
(step 6). Electron microscopy, >’Al NMR studies and experimental
observations demonstrate that the reaction temperature plays
a key role in the formation of nanostructured AIOOH. A

L

AIOOH building blocks

T>170°C l Step 4

Step 5
_
Nanorod NG Lamellar
crystallites sheet

Summary of the elucidated six step mechanism for nanorod formation by hydrothermal synthesis under acidic conditions.
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minimum hydrothermal temperature of 170 °C is needed to form
AIOOH (step 4) but a higher temperature of 180 °C is needed to
form AIOOH nanorods (step 5). Understanding the relative rate of
steps 4-6 at different temperatures allows for control of the
nanorod dimensions. We, thus, demonstrate that <-Al,O;
nanorods of selective diameter and length can be synthesised by
varying the hydrothermal treatment time and temperature. The
nanorod diameter can be increased by raising the hydrothermal
temperature from 180 °C to 200 °C or by prolonging the synthesis
time up to 80 hours via growth by Ostwald ripening (step 6).
However after 80 hours synthesis, the nanorod size distribution
is considerably broader, losing size control.
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