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Fast surface oxidation induced growth of
AIO(OH).aH,0O molecular fibres at nascent
Al-metal surface in ambient atmosphere

S. Ram* and S. Rana
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The conditions are explored for an activated sur-
face oxidation of nascent Al-metal surface in
AIO(OH).ocH>0 molecular fibres in air. It is found that
a surface treatment of the specimen by a surface cata-
lyst of Hg**-cations promotes its oxidation in air by an
activated diffusion of the reaction species at ambient
temperature. In this process, H;O molecules from the
air decompose readily into nascent H* and OH  ions at
the nascent Al-metal surface created by a peculiar
surface reaction of Hg2+-cations over it. The nascent
OH ions instantaneously recombine with Al atoms at
the Al-metal surface by electron transfer reaction,
forming an oxidized product of latter, AIO(OH).cH,0
in the form of fibres. Three primary forces (i) the
chemical potential between the reaction species,
(11) the fast diffusion of the reaction species, and
(1ii) the mechanical stress caused in expansion of the
specimen during the reaction, drive the growth of
fibres in a common direction perpendicular to a Al-
metal surface. It presents a simple and cost-effective
method to yield the product of Al,O;derivatives.

AlO(OH).aH,0 is a precursor of alumina (AlLO;) or
sapphire, which is one of the most important high-tech
ceramic materials with exceptional properties such as
greater hardness, chemical inertness, and a high melting
temperature' . On heating at 500 K or higher in air, it
readily transforms to Al,O;,

2AI0(0OH).aH,0 — ALO; + (1 + 20) H,0OT, (1)

with an insignificant change in its bulk shape according to
the experimental conditions. This is highly important in
fabricating its fibres with a uniform thickness. Al,O,
fibres are well-known fillers for forming reinforced metal
matrix*” as well as ceramic and/or polymer matrix com-
posites®™® of supcrior structural and mechanical proper-
tics. The latter have been used extensively in aerospace
and automobile industries as a high strength, high stiff-
ness, and lightweight alternative to aluminum and tita-
nium metals. High raw material costs, unavailability
of well-known processing techniques, insufficient ex-
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posure to technology and tradition are the main barriers
for implementation of products in most of the
applications.

The synthesis of pure Al,Oj5 fibres is presently too
expensive for wide commercial use'”. In an attempt to
reduce the manufacturing costs, a variety of modifications
and synthesis route are being developed to make com-
posite fibres”'®, These fibres are usually produced by
primarily using a spinning (of the melt or an aqueous
mixture of the precursors) or a sol-gel method”'’., The
melt/precursor in the first method requires viscoelastic
properties to permit the spinning of fibres. It therefore
limits the compositions to only those which provide
necessary forming properties. Thus a reasonably high
percentage of glass former is admixed in a sample to
support the formation of fibres’. The sol-gel method does
not necessarily use a glass former additive in the final
fibre. However, In this case also, the material is often
biphasic with impurities of a soft glassy phase'’. The
glassy phase softens at an elevated temperature and
deteriorates the high strength and other properties of the
fibres.

In this article, we explore surface oxidation of Al-
metal 1in air as a new chemical route for synthesizing
AlIO(OH).aH;0O molecular fibres of its oxidized product.
The observation is an activated self-induced oxidation of
nascent Al-metal surface in air and catalysed with a
surface catalyst of Hg**-cations'"*%. Its valence readily
changes from Al to Al with a unidirectional growth of
the latter in separated fibres. The chemical potential
between the reaction species and expansion of the spe-
cimen during the reaction drive is directed perpendicular
to the Al-metal surface. The uniqueness of this method is
that it does not use a precursor or a glass former additive
In any stage of the reaction and also does not involve even
a container that often is a source of impurities in other
methods. The preliminary results are presented with the

- study of the process of growth, microstructure, and

composition of the fibres.

Experimental details

The proposed surface oxidation reaction of Al-metal
was carried out with high purity (99.99%) Al-metal foils
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from Goodfellow. The foil was degreased, washed in
.distilled water, and treated with 0.1 M HCl! for 10 min
followed by washing 1in water again. It yielded a refreshed
Al-surface, which still has a very thin oxidized surface
film that does not permit their reaction with air at room
temperature (RT). An activated reaction occurs if the
specimen is treated with a surface catalyst of Hg**-
cations. In this process, the specimen is dipped in an
aqueous 0.1 M Hg** solution for ~ 30s and then rinsed
properly with distilled water. The Hg**-cations react with
the Al atoms on the Al-surface by forming a thin amal-
gam. The amalgam adheres to the nascent Al-surface, the
surface oxide film and byproduct impurities (formed
during its processing) segregate over it. The excess amal-
gam and other unwanted surface impurities are removed
by washing the specimen in distilled water.

The specimen obtained has nascent Al-surface. If
put in open air, they instantaneously react and
form a surface oxidized product of the Al-metal in
AlO(OH).aH,0O molecular fibres. This involves a self-
induced spontancous exothermic reaction. The fibres
grow 1n a self-organized manner at the Al-metal surface
perpendicular to it.

The morphologies of the AIO(OH).aH,0O fibres, which
were grown under different experimental conditions at
the Al-metal surface, were studied by taking their photo-
graphs. Their X-ray diffractograms were recorded with a
P.W. 1710 diffractometer using a filtered Co K« radiation
of wavelength A =0.17904 nm. A JEOL model-840 scann-
ing electron microscope (SEM) was used to study their
average diameter and was also used for an in situ
elemental analysis. The elemental analysis gives a better
purity of the sample than 99.9%.

Thermogravimetric analysis was carried out by heating
the AIO(OH).aH,0 fibres over 300-850 K with the help
of a Perkin—~Elmer thermal analyser. Its bulk density was
measured very precisely, accurate to a second decimal
place, using the Archimedes’ principle in N; gas with the
help of a Penta Pyknometer (supplied by Quanta Chrome
USA). Other experimental details were the same as

1,
reported elsewhere''"!2.

Results and discussion

Process of growth and structure of fibres

On treating with Hg**-cations the Al-metal surface adds a
thin Hg* -surfactant layer over it with a thin Al-Hg™
interface of possibly a monoatomic thickness''. It was
observed that in this process the Hg**-cations have a
strong exothermic surface recaction with the Al-metal
surface. Thus this reaction occurs instantancously and
lasts over a short time interval of about 100 s from the
moment the two reaction species are put in contact and an
intimate Al-Hg®™" interface is formed. The heat released
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raised the average temperature (initially at 7, = 295 K) of
the sample by as much as AT = 10K without external
cooling and insulation of the sample. The value of AT
depends upon T), and other experimental conditions.
Accordingly, we assume that the Al atoms in the interface
instantaneously co-reduce Hg**-cations into Hg-metal in
the interface. The latter forms a thin amalgam film with
Al atoms at the interface. The virgin amalgam film is thin
as possible so that it is not visible in an optical
microscope or in an SEM., ,

The Hg™* — Hg co-reduction reaction by the Al atoms

at the nascent Al-metal surface can be described as
follows,

2A1 - 2A1" + 6e,
3Hg™ + 6¢” — 3Hg,

1 e

3Hg* + 2A1 » Hg + 2A1%*. (2)

It 1s an electrochemically feasible reaction with a positive
(¢ =0.851 V) value of chemical potential per Hg** + 2¢”
— Hg reaction if compared with a negative ¢ = ~1.662 V
value in the A" + 3¢” — Al reaction'. In order to con-
firm the validity of this reaction, in a separate experiment,
we successfully co-reduced a Hg**-salt into a pure Hg-
metal by milling 1t with Al-chips in a closed reactor. It
indeed occurs at RT and gives a pure liquid Hg-metal.
That 1s automatically segregated and collected over
the solid Al’*-byproduct of re-oxidized Al-metal formed

~in situ. It does not adhere to the byproduct with its

characteristically large angle of contact O¢. It is, there-
fore, easily recovered in a pure metal form with its

standard bulk density p=13.6 g/lem’. A similar reaction

also occurs on milling Al chips in an aqueous Hg™*-
solution. We performed a scries of batch reactions and
successfully recovered a batch of 500 g of pure Hg-metal.

Now, let us comment on the reaction of a thin amalgam
film of Al-metal surface. The amalgam inherently adheres
to the nascent Al-surface and induces (i) the inttial surface
oxide, if any, over there and (ii) the Al — Al'*-cations
formed 1n the amalgamation process as per reaction (2), to
segregate and precipitate over the final surface. The co-
reduction rcaction and subscquent segregation of Al'-
cations occur in stfu i opposite directions perpendicular
to that of the initial Al-mctal surface. It results in a
directional (along the 2 axis in Figure 1) intcrgrowth of
the Al-Hg amalgam interface in the Al-surface with a
columnar structure of it. The Al™*-impurities and excess
amalgam, 1l any, are washed away, as mentioned eatlier
in the experimental scction, The obtained specimen,
thercfore, has an extended nascent-Al-surface protected
by an extended Al-Hg amalgam interface. The Al-Hy
amalgam columns in these competitive reactions  are
naturally as tluaned as possible at an atomic scale
according to the experimental conditions,

RRE



RESEARCH ARTICLE

As shown 1n Figure 1 a, when put in air at RT, the
specimen with an extended Al-surface by amalgamation
rapidly decomposes/ionizes the O, and/or H,O (from air)
into O*~ and OH™ anions. The nascent O~ and OH™ anions
react with thc nascent Al-metal and yield an oxidized/
hydrolysed Al**-product. Here, the Al-Hg amalgam
interface produces an activation barrier E, between the
reaction species (A of Al atoms at the Al-surface and B
the O or OH™' anions above it). The chemical potential
I, between the reaction species A and B across the
interface drives the reaction in a specific direction (AB)
perpendicular to the Al-surface (Figure 1 &), in a direction
opposite to the passage of the air in the reaction. An
uninterrupted migration of AI’* cations (from the Al-
surface) along AB through the interface produces an
uninterrupted columnar growth (through the Al-Hg amal-
gam channels) of oxidized/hydrolysed Al-metal product.
The products therefore are fibres (Figures 2 and 3). A
model picture of a fibre growing in z direction driven by
L. 1s shown in Figure 1 b. The length of the uninterrupted
reaction defines the length of the fibres in an uninte-
rrupted migration of the reaction species through the
interface.

Figure 2 shows. the growth of fibres of AP*-product
over an Al-metal surface (catalysed by Hg**-cations) in air
at 305 K (humidity 50%). Figure 2 a shows the Al-metal
surface just after the reaction started, and demonstrates
the desecrate nucleation centres of growth of fibres over
it. The fibres are 4 to 8 mm long within 180 s of reaction
in air (Figure 2 b). Fibres of length L. = 30 mm are got in
20 min of the reaction (Figure 2 ¢). As determined from
the SEM micrographs, these fibres are very thin with an
average diameter D =25 to 60 um. The D and L, values
of the fibres vary with the experimental conditions of

Z

Al - plate

Figure L. Schematic diagram of surface oxidation of Al-metal
catalysed with Hg**-cations in air. The arrows in a, demonstrate
passage of the air to the Al-surface during its oxidation in
AlO(OH).aH20 molecular fibres. The fibres grow in the opposite
dircction as shown in b. The heat released in the reaction flows mainly
along the metal surface as shown by the arrows.
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temperature and humidity of the atmosphere. As shown in
Figure 3, fibres of length 15, 30 and 45 mm and diameter
25, 40, and 60 pm thus have grown at humidity 40%, 609%
and 70%, respectively at 305 K. Fibres with large dia-
meters are grown at a high humidity (¢ = 70%) and do not
maintain their distinct structures (Figure 3 ¢).

Figure 2. Photographs of AIO(OH).cH20 molecular fibres growing at
Al-metal surface in air at 305 K at 50% humidity at a, 30 s; b, 180 s;
and ¢, 1800 s of reaction time. Long fibres as 8 mm (b) and 30 mm (c)
are grown with an average diameter of 30 um.
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Model structure of one-dimensional through
reaction channels

The reaction and migration of the reaction species occur
in divided nucleation centres or micelles. These micelles
are caused by the preliminary Hg2+—-)Hg co-reduction

reaction (2) at the Al-metal surface and amalgamation of

the latter with the Hg-metal. In the present example, they
control the drift of the reaction species in a specific
direction (along the z axis) which is set up perpendicular
to the Al-metal surface according to the initial chemical

potential in the reaction. The unidirectional migration of

the reaction species is indicative of their unidirectional
cylindrical model shape of the micelles. These micelles, in
fact are cavities or pores caused in the Al-metal surface

Figure 3. The AIO(OH).aH0 fibres of lengths 15, 30, and 45'11111\
and diameters 25, 40, and 60 pm, respectively grown at humidity
a, 40%, b, 60%, and ¢, 707 in air at 303 K.
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due to the loss of Al-metal in the Hg** — Hg co-reduction
reaction process. The heat released in this highly exo-
thermic reaction, as mentioned earlier, raises the instan-
tancous temperature 1;,¢ at the reaction centre above the
average value, T,,, of the Al-surface during the reaction.
‘The difference AT =T~ T,, leads to a rise in 7,, to
matntain a dynamic equilibrium between the two values.
A T,, as high as 400 K was recorded without external
cooling of the specimen. Thus above a certain critical
temperature 7, the reaction centres become hot spots of
the reaction and disrupt it by diminishing (or stopping)
the uniaxial drift of the Al’*-cations in it from the Al-
metal along the preferred z direction.

In order to confirm the z-directional growth of the
nucleation centres, we studied the structure of Al-metal
surface before and after an extensive reaction in air. The
two structures are compared in Figure 4. The reaction
indeed occurs through desecrate nucleation centres or
reaction channels. They are clearly reflected in desecrate
fine pores (Figure 4 a) of the Al-metal surface taken just
after the reaction stated. In this case, the surface oxidation
of the sample was suppressed by treating it with an
aqueous CrOj solution (107° M) to permit its photograph

JUmn
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Figure 4. Morphology of g, formation of divided osidation centres at
a refreshed Al-metal surface catwdysed with Hg™ ' -catwns, and b, dis-
solution of it Juring 1ts surface oxidativn in wir.
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without much surface oxidation. As the surface oxidation
reaction in air proceeds, the pores grow in size per-
pendicularly downwards in the Al-metal surface and
ultimately convert it into elongated pores or through chan-
nels with the Al-metal lost in it (reaction). However, in
Figure 4, because of an excessive reaction, the presumed
original fine pores are recombined in groups in big pores
of final diameter as much as 1 mm or even more.

A similar pattern of pores appears in an anodic
oxidation of Al-metal surface with one-dimensional
channe! at a nanometer/micrometer scale'!. The Al-metal
membranes obtained with small pores have the potential
to act as high performance catalyst, a gas separation
membrane and nanocages for constructing novel magnetic
and electronic devices”'*'®, The formation of an aligned

Figure 5. Schematic drawings of the reaction process of Hg**-cations
at Al-metal surface and formation of one-dimensional through chan-
nels. a, Al-metal surface just after a surface treatment with Hg?*-

cations; b, nucleation of Hg?-Al reaction centres at the Al-surface;
¢, growth of one-dimensional through channels of Al-Hg amalgam; and
d, leaching out of the excess amalgam and oxidized Al-atoms into Al**-
cations in the amalgamation process.

one-dimensional pore along the z axis in this example
begins with the Hg** — Hg co-reduction reaction at Al-
metal surface and amalgamation of it by the Hg-metal in
subsequent steps as discussed earlier. This involves a
directional Al — 3e~ — Al** co-oxidation reaction of Al-
atoms at the Al-metal surface and subsequent preci-
pitation of the Al*-product through thin Al-Hg amalgam
interface along the pores. This is schematically shown in
Figure 5. It involves a four-step reaction process of the
specimen in air as follows. In the first step a refreshed Al-
surface is obtained. This is treated with Hg**-cations, in
the subsequent step and the assumed ion-exchange
reaction starts at the surface in discrete centres or micelles
shown by the dark circular spots (Figure 5 b). The reac-
tion proceeds as a function of time and micelles grow with
AI’* intergrowth (Figure 5 ¢) in the surface along the z
axis in the next step. As the oxidation of the specimen
proceeds by diffusion of Hg”*-cations, the reaction inter-
face moves from the surface perpendicularly downward
towards the bottom. As a result, an one-dimensional
needle-ltke regular array of oxidized Al intergrowth in the
specimen is formed. In the final step, the needle-like
oxidized Al’**-sample is precipitated and leached out
(Figure 5 d) by washing in a dilute acid and in distilled
water.

The specimen obtained with an extended reaction
channel is now ready for the scheduled surface oxidation
by air in its molecular fibres. The reaction channels (pores)
collimate a fast one-dimensional columnar oxidation of the
spectmen 1n molecular fibres of the oxidized Al3+-product
in air. In this case, the fibre forms an expanded diameter
of the pore according to expansion of the specimen from
the Al-metal to the final product. Atomic density of Al in
the Al-metal is decreased roughly by a factor of f= 2.5 on
its oxidation in Al,O3 and by a factor of f~ 5.0 to that in
AlO(OH).cH;0. Both involve a large expansion of its
volume by an order of magnitude in accordance to their
bulk densities p. For example, p =2.70 g/cm’ in pure Al-
metal decreases to ~ 0.20 g/fcm® (Table 1) on its oxidation
with AIO(OH).a~ H,0. It induces a mechanical stress o in
the specimen during its oxidation as a possible origin of
forces between the metal and its oxidized Al™*-product.
As the reaction takes place at the pore bottom, the
material can only expand in the vertical direction so that

Table k. Structure parameters of AIO(OH).aH20 molecular fibres grown by surface oxidation of ng*'-catalysed Al-metal surface in air at
305 K under different experimental conditions of humidity

SI : Humidity Density Length Diameter Aspect
no. Fibres (%) o value Structure (g/cm’)® {mm) (LLm) ratio
e

1 AIO(OH).aH0 40 0.20 Amorphous 0.20 15 25 600

2 AIO(OH).aH:0 50 0.25 Amorphous 0.20 30 30 1000

3 AIO(OH).aH;0 60 0.30 Amorphous 0.25 30 40 750

4 AlO(OH).aH,O 70 0.35 Amorphous 0.30 45 60 750

5 Sample 2 annealed, - —~ Crystalline (Al203) 1.95 2-5 5 400-1000

2 h at 900 K*

*The recrystallized fibres on thermal annealing are broken into pieces with reduced diameter by modification in porosity and internal structure.
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Figure 6. X-ray diffractograms of (a) or, (b) as-received, and (c)
recrystallized AIO(OH).aH20 fibres in -Al,03 at 900 K for 2 h in atir.
(b) 1s an expansion of a part of (a) along the y-axis by a factor of ~ 5.
The diffraction peaks in (c) are marked by their (hk/) values.

the existing pore walls are pushed symmetrically upward,
leading to the directional growth of the Al’*-product in
its molecular fibres. Here, the structure of the pores,
therefore, plays a crucial role in driving an ordered
growth of fibres through the driving forces of the reaction
of (1) the chemical potential g, and (i) the mechanical
stress o, both of which act in the same direction per-
pendicular to the Al-metal surface.

Composition and amorphous structure of fibres

Ficure 6 shows X-ray diffractograms of an as-received
Al*-product of fibres and that is annealed at 900 K for
2h in air. The received sample which has o =0.25
(Table 1) molecules of H,O per molecule, exhibits a
strong X-ray diffraction halo at wavevector 4; = 6.8 nm™*
[where 9; = (4msin 8)/A] followed by two weak halos at
d, =27 nm~ and 95 =45nm"". The annealed sample is
recrystallized in »AlLO; with a O4F;pym cubic crystal
structure with lattice parameter ag = 0.79 nm, which 1s the
same as the standard value'’. The diffractogram also has a
halo at modified 9, = 5.4 nm™ due to the residual amount
of an amorphous Al,O; with a modified structure of a
virgin sample as described later.

The half-bandwidth (i.e. the full-width at half pcak
height) A26,, ~ 10°, or even larger, in these halos Is too
large 10 ascribe them to lattice reflections from small
crystallites, r 2 r*, according to the Debye-Scherrer rela-
tion’. It predicts a smaller r<0.8 nm crystallitc size
(diameter) than its critical r* 2 2.0 nm which 1s defined
by r* = 40/AG,, with othe surface-encrgy and AG, the
change in the Gibb's free-cnergy over its hquid state

value'*®'. Moreover, according to DBragg's relation,
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2dsin @ = A, the 9, halo gives d =~ 1.0 nm, which is
larger than an interatomic distance in this series. These
ambiguities are indicative of the fact that the sample is not
crystalline. It has an amorphous structure with a small

~configuration or domains of molecules at a microscopic

scale. These microscopic domains behave as strong surface-
reflectors to reflect an X-ray beam of A comparable. to
their size r from their quantum confined surfaces. The
halo observed at 9, =6.8 nm™" 1s, therefore, the result
of this. The microscopic domains have an average
d ~ 1.0 nm diameter according to the average position of

the diffractogram. The other two halos, which are charac-

teristically weaker in intensity, are ascribed to com-

21,22 : : :
mon atomic reflections in an amorphous structure of

the sample with two prominent pair distribution functions
of atoms. |

On heating in a thermal analyser, the sample transforms
to Al,O; at 340-600 K with 21% loss in its mass accor-
ding to its AIO(OH).acH,0 molecular structure with
o = 0.25. The result differs from the earlier reports'* that
Al-metal hydrolysis is an electrochemical cell which gives

- a product of Al,O; directly. As mentioned above, Al,O;

deposits a stable layer over the parent Al-metal surface
and protects 1t from its further oxidation. We performed
several experiments with Al-metal at temperatures (ex-
ternal) between 275 and 380 K 1n air and found that the
reaction occurs effectively only at low temperatures
T,, £320 K. It ceases on raising T,, above 320 K. In fact,

at T,,>320K, the AIO(OH).oH,O decomposes 1nto
Al,O5 and efficiently inhibits further reaction.

Conclusions

A surface passivation free nascent Al-metal surface
(catalysed with Hg**-cations) readily reacts with air and
forms AIO(OH).aH,O molecular fibres. The fibres are
amorphous n naturc. It 1s suggested that the chemical
potential p, between the reaction specics of Al atoms at
the Al-metal surface and OH™ ions (deduced by chemical
dissociation of H,O from air at the surface) over 1t
initiates a rapid growth of the product in the form of
fibres perpendicular to it. The mechanical stress o indu-
ced In a voluminous expansion of the specimen along i,
supports their directional growth, It provides a new
chemical method for synthesizing a highly pure product of
molecular fibres of AIO(OH).aH,0O or its ALQO; deri-
vatives. In general, the results are useful for under-
standing and modelling of self-induced surface oxidation
of aluminum and similar metals by air or moisture n
ambicnt atmosphere. This knowledge 1s important for
developing an anticorrosion metal surface to inhibit s
surface oxtdation,
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