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Introduction

Understanding the thermal conductivity variations
in nanoporous anodic aluminum oxidef

Liliana Vera-Londono, & Alejandra Ruiz—Clavijo,@ Olga Caballero-Calero ©
and Marisol Martin-Gonzalez & *

Anodic porous alumina (AAO) templates, also known as nanoporous anodic alumina (NAA) platforms or
membranes, are widely used as templates in nanoscience and nanotechnology. During fabrication,
characterization, or device performance, they are sometimes exposed to heat treatments. We have
found that the thermal conductivity of AAO is strongly dependent on the temperature at which the
sample is exposed, showing a certain variation even at very low temperatures, such as 50 °C. Because of
this, we have performed a study of the thermal conductivity (k) variation for different AAO templates
using 3w-Scanning Thermal Microscopy (3w-SThM) as a function of the annealing temperature. The
AAOs studied in this work were produced in the most common electrolytes — sulfuric, oxalic, and
phosphoric acids, and heated from RT up to 1100 °C. To explain these variations in an in-depth and
enlightening manner, structural characterization of the different nanoporous aluminas has been
performed. It is shown that even at low temperatures, below 100 °C, the AAOs lose water, which
explains the reduction of their thermal conductivity. The minimum value of thermal conductivity can be
found for AAO samples prepared in sulfuric acid and heated at 100 °C (0.78 £ 0.19 W m~* K™3), which
corresponds to a 50% reduction from the original value. It has also been found that for AAO annealed
above 950 °C, the variations in the thermal conductivity are mainly related to phase transitions from
amorphous to crystalline alumina and gas evolution of CO,, or SO, and SO, depending on the
electrolyte used during the anodization. This is also an indication that the counter ions are trapped inside
the alumina template during the anodization process. And, their presence determines the crystallization
temperatures at which the different crystalline phases are formed. And so, the variations in thermal
conductivity are measured. The thermal conductivity values of the AAO can reach values as high as 4.82
+ 0.36 W m1 K™ for AAO samples prepared in oxalic acid and heated up to 1300 °C. We consider that
the understanding of the changes in their thermal conductivity can explain the different values in the
thermal conductivity of the AAO template found in the literature and draw some attention to the
importance of the history of the AAO platforms that are to be used or measured, since it may change
the final thermal properties of the template or device.

nanorods,*® segmented nanowires,*” etc.), or 3D interconnected
nanostructures,*® as masks'® for preparing nanodots or nano-

Nanoporous anodic aluminum oxide (AAO) membranes are very
popular and widely used in nanoscience and nanotechnology.
Due to their easy manufacturing and size tailoring, the use of
AAO membranes is an elegant nanostructuration approach. And
it is recognized as an alternative to more sophisticated and
expensive methods currently used in nanofabrication.

These AAO membranes are applied in very different ways
such as the template-assisted synthesis of high-density arrays of
1D nanomaterials (such as nanowires," nanotubes,*
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rod arrays or nanopatterned substrates,"* and as substrates to
deposit different materials on their surfaces and obtain nano-
hole or antidot arrays* or “holey” films.'*'* These structures
have applications in many fields, such as catalysis,*'”'* biology
and medical applications,'**® optical sensors,* magnetism,”'***
spintronics,® and thermoelectricity,* to cite some.

When AAO membranes are used in many cases they are
exposed to low-temperature heat treatments either during the
nanostructure fabrication, when using techniques such as
metal deposition,® thermal evaporation, sputtering,® melt
infiltration,**® etc. or during the post-processing, where fabri-
cated nanowires or nanotubes must be heated to crystallize
them or during their characterization, such as the fabrication of
lithographically designed contacts where the resists have to be
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cured, or when the AAOs are exposed to laser beams for long-
times, etc. In these processes, the temperature of the AAOs
can rise from tens to hundreds of degrees for different extents of
time.

It is generally assumed that AAO membranes do not change
their chemical and physical properties when exposed to low
temperatures. But in the literature, there is a wide range of re-
ported values for the thermal conductivity of AAOs (see Table 1),
with values ranging from 0.5 to 1 W m~ " K~ measured by
a steady-state method at room temperature (RT) for AAO
membranes fabricated in sulfuric acid when varying the anod-
izing temperatures,? or higher values, such as 1.3 + 0.1 Wm™*
K™' at room temperature for sulfuric acid fabricated
membranes when measured by the 3w-technique, the photo-
thermal method?® or the laser flash method.* In the case of
oxalic anodized AAOs, values between 0.63 W m™~* K ' and
1.33 Wm™ ' K ' were measured by the steady-state technique at
RT when the anodizing temperature varied.” The range for
thermal conductivity at RT for phosphoric anodized AAOs goes
from 1.32 W m~ " K" when measured by the photoacoustic
technique® to 1.9 W m™* K ' when similar AAOs were
measured by 3w-SThM.*' Sometimes these discrepancies in the
values have been interpreted as compositional changes or
attributed to different grain boundaries in the non-ordered
porous nanostructures.’” Moreover, when the AAO membrane
is heated at high temperatures it crystallizes and the thermal
conductivity value of crystallized bulk «-Al,0; can be as high as
30Wm 'K ' atRT.*

To explain these discrepancies, in this work, a set of samples
was fabricated using the three most used acid solutions
(namely, sulfuric, oxalic, and phosphoric) and anodizing
conditions. The changes in the thermal conductivity, structure,
and crystallization are studied in the as-obtained AAO
membranes and after annealing up to 1300 °C. The thermal
conductivity of the AAO membranes has been measured by 3w-
Scanning Thermal Microscopy (3w-SThM), which allows us to
characterize this property at the nanoscale. Also, some of the
values obtained were cross-checked with the photoacoustic
method, obtaining similar thermal conductivity values within
the experimental error for both techniques.**** This in-depth
study is crucial to shed some light on the variation of the
thermal conductivity observed in the literature for porous
alumina and to determine the effect of heat treatment (even at
very low temperatures) on its properties. Finally, since one of
the properties that affects the performance of devices is heat
dissipation, it is quite relevant to determine any possible
changes on the porous alumina membrane upon heating.

Experimental methods
Fabrication of the AAOs

Three different sets of AAOs have been used in this study:
anodized in sulfuric (H,S0,), oxalic (H,C,0,), and phosphoric
(H3PO,) acids, which will be named sulfuric-AAOs, oxalic-AAOs,
and phosphoric-AAOs, respectively. The first two were lab-made,
being prepared from 99.999% aluminum foil of 0.5 mm in
thickness (Advent Research Materials). The aluminum foil was
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cut in discs of 30 mm approximately and then cleaned succes-
sively in acetone, water, isopropanol, and ethanol for 4 minutes
in an ultrasonic bath. Next, they were electropolished in
a solution of ethanol and perchloric acid 3:1 at 20 V for 4
minutes. The fabrication of the membranes was performed via
a two-step anodization process, as it is described in ref. 30. In
brief, it consists of a first anodization step where an aluminum
oxide layer is created on the surface. This is carried out for 24
hours to achieve the ordering of the pores, followed by the
removal of this first anodic alumina film by chemical etching in
phosphoric acid 6% wt, chromic oxide 1.8% wt and deionized
water. Then, a second anodization step is carried out under the
same experimental conditions for 15 to 20 hours. For the
sulfuric-AAOs, the anodization bath consisted of 0.3 M sulfuric
acid in deionized water, applying 25 V between the aluminum
and a counter electrode made of platinum mesh while main-
taining the anodization bath between 1 and 3 °C. In this way,
AAOs with an ordered porous structure with a diameter of
around 25 nm were produced. In the case of oxalic acid, the
anodization voltage was 40 V in a 0.3 M oxalic bath, with the
same bath temperature, obtaining in this case a porous struc-
ture of around 35 nm in diameter. In both cases, once the two-
step anodization process was performed, the remaining
aluminum substrate was etched using a solution of CuCl,/HCI.
Due to this reaction being exothermic, it has been performed in
a 200 ml beaker with only the aluminum part in contact with the
solution. During this process, the alumina template could be
heated at low temperatures because of the exothermic reaction
that is taking place. This etching step can affect the final water
content in the AAO at RT, thus explaining the difference
observed by TGA/DSC water content loss between our AAOs and
those found in the literature, as in ref. 44, and therefore it is
important to know if it has been performed and in which
conditions. This is also a clear source of variation in the actual
values of the thermal conductivity of the alumina since some
alumina templates will have more water inside than others.
This would change the thermal conductivity value at room
temperature and its variation from RT to 100 °C. Finally, the
barrier layer was dissolved in 10% wt H;PO, at 30 °C, obtaining
a nanoporous membrane. The phosphoric-AAOs
commercial membranes from the company Whatman®, with
pores around 200 nm in diameter. All the measured AAO
membranes presented a total thickness between 35 to 60 pm.

were

Annealing processes

The annealing process was performed in a tubular oven (Model
ST115020 from Hobersal equipped with an external tempera-
ture controller). A second thermocouple was placed inside the
oven with the samples to read the actual temperature at which
the samples were being heated. The samples were introduced at
room temperature and then heated with a heating rate of 10 °C
per minute up to the desired temperature (50, 100, 150, 200,
600, 950 and 1100 °C), where they were kept for 1 hour, and then
they were cooled down to ambient temperature. The samples
heated up to 1300 °C were made in different equipment, heated
with the same rate of 10 °C per minute, and cooled down after

This journal is © The Royal Society of Chemistry 2020
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the maximum temperature was reached. Given that it has been
reported that for higher temperatures the phase transformation
takes place in shorter times,* we have also included them in
our study. Finally, AAOs without any thermal treatment (which
we will call room-temperature, RT, samples) were also included
for comparison.

Characterization techniques

The characterization of the samples was carried out with
a Scanning Electron Microscope (SEM) VERIOS 460 from FEI
Differential Scanning Calorimetry (DSC), Thermogravimetry
(TGA), and mass spectroscopy were performed in a DSC/DTA/
TGA module Q600 from TA Instruments, which can conduct
simultaneously DSC and TGA from ambient temperature to
1500 °C (from the SIdI-UAM service), with a nitrogen gas flow of
100 ml per minute. The measurements were performed in
a dynamic regime while applying a thermal ramp of
10 °C min~". The system also has a mass spectrometer that can
give information on the gasses released by the sample. The
crystalline structure of the AAOs has been studied with an XRD
Philips X'Pert four circles diffractometer with Cu K, radiation.
Density measurements were carried out via the Archimedes
method, using an analytical balance XSE105DU from Mettler
Toledo. Raman spectra were recorded with a confocal Micro-
Raman spectrometer LabRAM 800 from Horiba Jobin Yvon
with an excitation wavelength of 532 nm. The thermal
conductivity of some membranes was also measured by the
photoacoustic method for metrology purposes. More detailed
information can be found in ref. 30. This method is based on
detecting the phase-shift between periodical heating of the
sample with a pulsed laser and the acoustic waves which are
generated due to this heating and propagated inside a specially
designed photoacoustic cell.

The topographic images of the AAOs at room temperature
were obtained with an Atomic Force Microscope (AFM) from
Nanotec Electronica, operated in contact mode. To obtain the
thermal images, the AFM was operated as scanning thermal
microscopy (SThM) in 3w mode, scanning the surface of the
samples with a sharp temperature-sensing tip,*® which has to be
previously calibrated (see the ESIT for further details). From this
calibration, we obtain a heat exchange radius of 250 nm. In
brief, this mode involves sending a modulated voltage at
a frequency w to the tip. As a result of these temperature
changes, the resistance of the tip also changes, and these
changes can be recorded thanks to a lab-made Wheatstone
bridge. Analyzing the signal obtained at the third harmonic (3w)
of the original modulated voltage, it is possible to acquire the
thermal profile of the studied sample, and, after applying an
effective medium theory to take into account the contributions
of the pores and the skeletal alumina (see the ESI for further
details, and Fig. S2 and S37) the thermal conductivity coefficient
can be extracted.**” The probes used in this 3w-SThM setup
were micro-fabricated Pd/Si;N, from Bruker®. Data acquisition
was performed using a lock-in amplifier from Zurich Instru-
ments. The data were obtained and processed using the WSxM
software.*® It is important to highlight that in the case of SThM
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measurements, there is no need for previous preparation of the
sample or minimum area. So the thermal conductivity of the
samples is not affected by any post-treatment of the AAO
membranes.

Results and discussion

Thermal conductivity was obtained at room temperature for the
different AAO-membranes that were previously annealed, using
the 3w-Scanning Thermal Microscopy technique (3w-SThM). In
Fig. 1 the obtained images (topography, 3w, and 1w) of oxalic-
AAOs treated at different temperatures are shown, as an
example. The images were recorded for different AAOs as ob-
tained and annealed at different temperatures up to 1300 °C.
For each of the samples measured along with the topographical
image, we obtain the 1w signals, which allow us to extract
qualitative information on the temperature, and the 3w signals,
which allow as to quantitatively measure the thermal conduc-
tivity. These images can be obtained with high sensitivity
thanks to a recently improved lab-made electrical circuit con-
nected to the thermal tip, which also gives a better resolution
for the first and third harmonic of the signal. The tip has been
calibrated similar to previous studies*** (see the ESI}). As
a result of the calibration, we have found the thermal exchange
radius of our tip to be 250 nm.

Just by looking at the images in Fig. 1, it can be observed that
the as-obtained membrane has a different temperature distri-
bution (Fig. 1c) from the samples heated at 100 °C. As can be
observed in Fig. 1f, the image presents some hot spots with
a local change of their thermal conductivity. This is an indica-
tion that something is happening at the nanoscale inside the
AAO membrane even at 100 °C. These observed variations are of
importance to understand the disagreements in thermal
conductivity values found in the literature when measuring
similar AAO membranes. Furthermore, the fact that each
measuring technique may need different post-processing of the
AAO membrane that can be associated with heating processes
should be taken into account.

It is interesting to observe that although the thermal
exchange radius is 250 nm for the 3w images, higher resolution
can be achieved in the 1w images, but it cannot be quantified.
But it allows hinting that the thermal conductivity must be
slightly different between the so-called inner and outer layers of
the AAO membranes. The outer layer is the region next to the
pore channel walls, which has more anion contamination from
the electrolyte, while the inner layer is a higher purity alumina
region (the approximate limit of both regions is marked with
a dashed line in Fig. 1d and h). So it makes sense that they have
different thermal conductivities since they have different
chemical compositions. The fact that we can observe differ-
ences between both layers is interesting because it denotes the
high resolution we can achieve in 1w. It is also interesting to
note in Fig. 1 that by heating, the inner and the outer AAO
regions behave differently. To better show this variation, the
AAO between the pores is amplified in Fig. 1d, h, and 1. Finally,
in Fig. 1i the images of the oxalic-AAO membrane annealed at
1100 °C are shown. One interesting feature is that the pore size

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Oxalic-AAO membranes: topographic images of (a) at RT, (e) after annealing at a temperature of 100 °C, and (i) at 1100 °C. 3w SThM
images of (b), (f), and (j) at RT, 100 °C and 1100 °C, respectively. Voltage signal images at 1w of (c), (g), and (k) at RT, 100 °C, and 1100 °C,
respectively. In the scale bar of 1w, -hT — means hot temperature and — cT- stands for cold temperature. Images (d), (h), and (1) are the zoom-in of
the 1w images to highlight the changes in the outer and inner regions of the AAO membrane, where the dashed lines mark approximately the
limits of the outer layer, which is found between the lines and the pores, and the inner layer.

is bigger, which means that the AAO composition must have
changed. It can also be observed that the thermal conductivity
of the AAO membrane is strongly modified (see the scale in V of
Fig. 1b, f, and j).

The thermal conductivity values obtained for the different
AAO membranes in the out-of-plane direction are shown in
Fig. 2. Changes in the thermal conductivity from as low as 0.78
+ 019 W m™ ' K, in the sulfuric-AAO without any thermal
treatment to as high as 4.82 + 0.36 W m ™' K~ for an oxalic-AAO
annealed at 1300 °C, over six times higher, can be observed. To
discuss the results, we have divided the graph into three
sections according to their thermal conductivity trend.

In the first low-temperature region (up to ~200 °C) a reduc-
tion in the thermal conductivity is observed followed by an
increase. This reduction is more noticeable for the samples
produced in sulfuric acid solution (sulfuric-AAO). In these
samples, a reduction in thermal conductivity is observed from
1.24 +£ 012 W m ' K ' at room temperature (RT) to 1.09 =+
0.12 W m™ ' K~ when the sample is heated up to 50 °C, and to
0.78 £ 0.19W m™ " K~ ' when heated at 100 °C (almost half of the
value measured in the as-prepared samples). This is an inter-
esting result since the thermal conductivity of the porous
alumina membranes can be reduced by just heating the
samples at such very low temperatures <100 °C. This behavior is
also followed by the AAO-oxalic samples, but with a lower
reduction in the thermal conductivity (from 1.41 £+ 0.17 at RT to
1.26 + 0.24 W m ' K ' at 100 °C). Finally, in the case of the
phosphoric-AAO, the minimum value is reached at annealing
temperatures around 150 °C. And the thermal conductivity, in
this case, varies from 1.44 4+ 0.11 at RTt0 1.22 £ 0.17Wm 'K !
at 150 °C. This reduction of the thermal conductivity upon

This journal is © The Royal Society of Chemistry 2020

heating at such low temperatures can explain the variability of
the thermal conductivity in the literature, as shown in Table 1,
since some of the measurement techniques need sample
preparation, such as the deposition of a metal layer, which can
heat the sample to those temperatures very easily.

6 20
dread 4
; l

50 100 150 200

Annealing temperature (°C) ;

Thermal conductivity (W m'K™")

di ¢
§§§i A SulfuricAAOs
1+ - :
=7 ® Oxalic-AAOs
B ¢ Phosphoric-AAOs

1 1 1 L 1 1 1 1 1

0 200 400 600 800 1000 1200 1400
Annealing temperature (°C)

Fig. 2 Thermal conductivity was obtained at room temperature for
different AAO samples previously annealed, using 3w-scanning
thermal microscopy; blue triangles represent sulfuric-AAOs, pink
hexagons represent oxalic-AAOs, and green diamonds represent
phosphoric-AAOs. Thermal conductivity values and the associated
errors are shown in Table S1 of the ESL.¥ The insert, in grey, shows
a zoom of the values between RT and 200 °C.
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A second region, between temperatures over 200 to 600 °C, is
characterized by the thermal conductivity of the AAO
membranes to be around 2 W m™* K%, with differences in the
thermal conductivity between the different membranes that
stay within the error limit of the measurement technique.

And, a third region is observed, in which the thermal
conductivity of the different membranes starts to increase
again, reaching values of thermal conductivity of 4.16 + 0.35 W
m ' K ! for sulfuric-AAO, 4.82 + 0.36 W m " K * for oxalic-
AAO, and 3.38 + 0.32 W m "' K for phosphoric-AAO when
heated up to 1300 °C.

To understand the process that is involved in the variation of
the thermal conductivity at different temperatures, we have
performed TGA-DSC-mass spectroscopy for the three types of
samples to analyze: the weight loss, if the process is endo- or
exothermic, and which gas is released during each particular
process (see Fig. 3). This analysis has been coupled with X-ray
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spectroscopy (Fig. 5) to understand if there is also a crystalliza-
tion process associated with those temperatures.

As observed by TGA an initial weight loss between RT and
300 °C takes place in the three types of membranes. The
measured weight losses are about 0.8% for sulfuric-AAO, 0.5%
for oxalic-AAO, and 1% for the phosphoric-AAO. These initial
weight losses are ascribed to the evaporation of water molecules
from the AAO membranes, as detected by mass spectroscopy.
These H,O molecules are trapped and absorbed in the AAO
membranes during anodization. And, they will leave the
membrane at these temperatures. The minimum value of the
thermal conductivity also corresponds to a reduction in the
measured density of the different AAO-membranes annealed at
100 °C (see Fig. S4 of the ESIt). The density values increase
again after annealing at 200 °C, which is also related to the
increase of the thermal conductivity seen in this region. This is
an interesting result since the composition of the AAO

diffraction analysis (shown in Fig. 4), and Raman templates is changing at very low temperatures, which can
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explain the variation in thermal conductivity observed in Fig. 2
and in Table 1.

XRD analysis of these samples in the range between 200-600
°C shows that there is not any clear diffraction peak, indicating
that the AAOs are still amorphous. It can be assumed that no
important crystallization process has started yet in this
annealing temperature range, at least detectable by this tech-
nique. This behavior explains why the thermal conductivity of
the AAO membranes stays in a kind of a plateau with thermal
conductivity values around 2 W m™~* K" in that temperature
range (Fig. 2).

Finally, for the high-temperature range (above 700 °C) the
behavior of sulfuric-AAOs and oxalic-AAOs is again different
from that of the phosphoric-AAOs in TGA (Fig. 3). In the cases
of sulfuric-AAOs, two main mass-losses, of 10% around 980 °C

This journal is © The Royal Society of Chemistry 2020

and 2.1% around 1245 °C, are observed while for oxalic-AAOs
a weight loss of 5.7% is found around 890 °C. Both weight
losses can be associated with the thermal decomposition of
the counter ion trapped in the templates during fabrication in
the different acids (which are sulfate and oxalate, for sulfuric-
AAOs and oxalic-AAOs, respectively). At those temperatures,
there is a gas evolution in the sulfuric-AAO, that loses SO, and
SO (with molecular masses of 64 and 48, respectively, as
identified by mass spectroscopy during TGA measurements)
while the oxalic-AAO membranes lose CO, (with a molecular
mass of 44).

The loss of trapped counter ions is observed at the same time
as the crystallization of alumina, as evidenced by XRD (see
Fig. 4). In both cases, sulfuric-AAOs and oxalic-AAOs, the
samples annealed at 950 °C start to show diffraction maxima
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around 26 46° and 67°. So the membranes crystallize as the y-
AL, O3 or 3-Al,03 phase (it is difficult to distinguish between
these two phases, given that most of their diffraction peaks are
common, according to JCPDS-ICDD 00-029-1486 and JCPDS-
ICDD 00-016-0394, respectively). This transition is marked
with the letter “y” in Fig. 3. For oxalic-AAOs annealed at 1100 °C,
apart from these phases, some maxima corresponding with the
a-Al,O; phase start to appear (JCPDS-ICDD 00-043-1484,
corundum, hexagonal close-packed structure). In the case of
sulfuric-AAOs annealed at 1100 °C, diffraction maxima corre-
sponding to either the y-Al,O; or 3-Al,0; phase are observed,
along with some diffraction maxima related to the 6-Al,0;
(JCPDS-ICDD 00-035-0121, monoclinic structure). And the hcp
a-Al,O; phase does not appear up to a higher temperature,
1300 °C, for the sulfuric-AAO. This crystallization at higher
temperatures than in the case of the oxalic-AAO may be asso-
ciated with the additional loss of SO, and SO around 1160 °C.
So, from XRD it can be concluded that the temperatures at
which the transition to the hcp a-Al,O; occurs is affected by the
counter ion in which the alumina membrane was produced.
This transition is shown with the letter “a” in Fig. 3. It is
important to highlight also that the degree of phase trans-
formation at 1100 °C is higher for the oxalic-AAOs than for the
sulfuric-AAOs at 1300 °C, as detected by XRD. Since the a-Al,0;
phase has a higher thermal conductivity, as seen in Table 1, this
explains why the thermal conductivity is higher in the oxalic-
AAO than in the sulfuric-AAO at 1300 °C.

In the case of the phosphoric-AAO, there is not any
important weight loss in that particular range. According to
mass spectroscopy, there is not gas evolution either. This is an
indication that phosphates trapped inside the alumina
membrane do not thermally decompose and stay in the
alumina membrane. By DSC, only two small exothermic
processes have been observed around 880 and 970 °C, which
are related to crystallization, but no other changes are
observed above those values. These exothermic processes
must be related to the crystallization of the phosphoric-AAO,
which starts to be identifiable by XRD, around these temper-
atures, as shown in Fig. 4. At a 950 °C annealing temperature,
the diffraction maxima observed can be associated with the y-
Al,O; or 3-Al,0; phases, as in the previous samples. Then, for
the phosphoric-AAO annealed at 1100 °C, the peaks were
found to correspond to 3-Al,0; and 6-Al,0;. And, different
from the sulfuric-AAO and the oxalic-AAO, there is not a phase
transition to o-Al,O; even after thermal treatments at 1300 °C.
Again this behavior can explain not only why we observed an
increase in thermal conductivity at 1000 °C in the phosphoric-
AAO (due to crystallization) but also why the thermal
conductivity in the range between 1100 and 1300 °C seems to
reach another plateau, 3.24 + 0.38, and 3.38 + 0.32 W m ™'
K™, respectively. However, it is not the case for the sulfuric-
AAO that goes from 3.84 £ 0.33 at 1100 °C to 4.46 + 0.32 W
m~" K" at 1300 °C or the oxalic-AAO that goes from 4.16 +
0.35 at 1100 °C to 4.82 + 0.36 W m™ ' K ' at 1300 °C (see
Fig. 2), where the transition to the «-Al,0O; phase is observed.

The Raman spectra of the three sets of samples (Fig. 5)
confirm both the different phase transitions observed by XRD
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and the gas evolution detected by TGA-DSC mass spectroscopy,
which were comparable to those discussed in previous studies
on similar samples,**** and added some further details in the
crystallization route followed.

For sulfuric-AAOs from RT to 600 °C annealing tempera-
tures, the Raman spectra show only vibrational modes corre-
sponding to sulfur compounds, like those associated with
SO,>~ (located at 451 em ™" (v,), 626 cm™ " (v,) and 984 cm ™"
(»1)**). These modes cannot be found for samples annealed
above 950 °C, and from TGA-DSC it has been seen that these
trapped counter ions have been thermally decomposed at
980 °C, and thus, are not present above this temperature.
Another vibrational mode, clearly visible from RT is that asso-
ciated with HSO, ™, around 1050 cm™ " (v,), which is maintained
until the sample is annealed at 950 °C, where it changes to
a different HSO,  mode, namely a v; vibration centered at
1100 cm ™ *,*2 and decreases in intensity. This coincides with the
gas evolution of thermal decomposition of SO, and SO in this
range, and the faint intensity of this vibrational mode at the
highest temperatures reflects that there is still a residual pres-
ence of these defects in the structure, detectable by Raman
spectroscopy. This is also confirmed by mass spectroscopy,
where a second gas evolution around 1175 °C can be also
observed. Although it has to be pointed out that the presence of
electrolyte counterion related phases is not detectable by XRD.
In the case of the crystallization route of the samples, for those
above 950 °C annealing temperatures, other faint peaks asso-
ciated with the a-Al,O; crystallographic phase and weak Raman
lines, at around 252 and 268.6 cm ™' are found. These bands
have been discussed in the literature®*** as a mark of the co-
existence of 0-Al,03 or y-Al,O; phases with the a-Al,O3; phase
for AAO-membranes treated above 1000 °C, which is what is
obtained by XRD for these samples.

In the case of oxalic-AAOs, the Raman spectra for the
samples below 600 °C show important photoluminescence,
which is usually associated with impurities or oxygen vacan-
cies.”® The amount of these impurities seems to be reduced
when the sample is annealed at 950 °C (which is above the
temperature found in TGA-DSC for the first thermal decom-
position of C,04> to CO,, ~890 °C). This gas evolution can
explain why the photoluminescence is much lower and peaks
associated with aluminum oxalate,” centered at around 846,
981, 1110, and 1387 cm™* appear weak and as broad bands in
the spectra. For lower temperatures, these peaks are present in
the sample, but the presence of the photoluminescence band,
which is strong and broad, conceal the aluminum oxalate
Raman peaks for the laser wavelength used in this study.
Nevertheless, when the oxalic-AAO samples are measured with
the appropriate wavelength (for instance, an ultraviolet laser
with 244 nm wavelength), as was shown in ref. 51, the photo-
luminescence interference can be avoided and then, the oxalate
impurities can be observed, even in the room temperature
samples. These oxalate peaks disappear in the sample heated at
1100 °C, where no trace of aluminum oxalate could be identified
in agreement with the information from mass spectroscopy.
When the annealing temperature is increased at 1100 °C, some
a-Al,O; phase vibrational modes start to appear. These a-Al,O3
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phases or sapphire vibrational modes are located at 378 cm ™"
(Eg external), 418 cm ™' (Ay), 432 cm™ ! (E, external), 451 cm™
(Eq internal), 580 ecm™" (E, internal), 645 cm™ " (Ay,, polarized)
and 756 cm ™' (E, internal) as reported in ref. 56. In Fig. 5 their
positions are marked by grey dashed lines, and it can be seen
that all of them are present and well defined for the sample
annealed at 1100 °C.

Finally, the Raman spectra of the phosphoric-AAOs show no
distinct peaks for samples with annealing temperatures below
950 °C, again due to the high photoluminescence, as in the
previous case, but for higher temperatures, a whole set of peaks
appear. But in this case, the gas evolution was not observed. The
vibration modes that appear are related to the vibrational
modes of P-O bending modes, such as that at 402 cm ™ ">’ Also,
the a-AIPO, 336, 440, 566, 650 and 748 cm ™" (ref. 58) and the
Al,(PO,)(OH); at 225, 250, 365, 405, 525, 565, 635, 850, and
880 cm ! (ref. 59) could be identified at those temperatures. It is
worth mentioning that other studies dealing with phosphoric-
AAOs studied with respect to temperature have also shown
the presence of AIPO, even at a temperature of 1450 °C.** So, it
can be concluded that at these temperatures the trapped
phosphates form a-AlPO, and Al,(PO4)(OH); which are amor-
phous according to XRD, in our case. It must be highlighted
that no vibrational modes related to the a-Al,O; phase could be
identified. This confirms the absence of a complete crystalli-
zation of the phosphoric-AAOs into «-Al,O3, as seen by XRD,
even after annealing treatments at 1300 °C.

To summarize, if one analyzes the results obtained by TGA-
DSC-mass spectroscopy, XRD, and Raman spectroscopy for the
different regions pointed out in Fig. 2, the following interpre-
tation of the different behaviour of the thermal conductivity can
be drawn. In the low-temperature region, up to 200 °C, both
XRD and Raman spectroscopy show amorphous structures. The
density measurements of the skeletal alumina in this range also
show a certain decrease after annealing at 100 °C, followed by
an increase for those annealed at 200 °C. Then, the reduction
and the increase of the thermal conductivity has to be related to
the water evolution detected by TGA-DSC-mass spectroscopy,
where the weight loss in water is more evident in sulfuric-AAOs,
reaching 6% water loss at 200 °C (which presents the biggest
fluctuation in Fig. 2 in this range), and they are also the
membranes that show the highest fluctuation in the thermal
conductivity values. This behaviour is similar but less strong for
oxalic-AAOs (with a value of 4 and 5% in water loss). Finally, the
water loss is very low for phosphoric-AAOs, with around 1 and
2% water loss at that temperature, which correlates with a less
marked change in the thermal conductivity values for this
range.

In the second region, between 200 to 600 °C, the thermal
conductivity was stable around a value of around 2 W m™" K,
and this corresponds to TGA-DSC-mass spectroscopy results
showing no special gas evolutions, or crystallization occurring
in that range, as observed by XRD and Raman spectra.

In the third region, corresponding to the highest tempera-
tures studied in this work, up to 1300 °C, the TGA-DSC mass
spectroscopy results show different decompositions of counter
ions trapped in the oxalic- and sulfuric-AAOs, as shown by XRD

1
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and Raman spectra that at the temperatures that these counter-
ions start to decompose, these membranes start to crystallize.
The transition to the hcp «-Al,O; phase is complete for the
oxalic-AAO at 1300 °C, with this membrane being the one that
shows the highest thermal conductivity in this range. This can
be explained by the a-Al,O; being the alumina phase with
higher thermal conductivity among the different Al,O; crystal-
line phases. Then, the lowest thermal conductivity values in this
region correspond to phosphoric-AAOs, which do not show any
important weight loss in this range. That is, no gas evolution is
detected. This indicates that the phosphates get trapped in the
phosphoric-AAOs. And they do not thermally decompose but
react with the alumina as observed by Raman spectroscopy. No
presence of the high conductivity a-Al,O; phase is detected,
even after the highest annealing temperature treatment.

To identify if those gas evolution and crystallization
processes have any effect on the morphology of the AAO
membranes, SEM images of each of the AAO membranes were
obtained after the different temperature treatments and are
compiled in Fig. 6. To quantify those changes, the porosity and
pore diameter have been analyzed as a function of the
annealing temperature (see Table S2 of the ESIT). In all the
cases, the SEM images show that the porous diameter does not
change up to 950 °C, indicating that the membranes can be
useful in different applications in which temperature
processes up to this value are involved. For annealings above
950 °C, the porous structure of AAO membranes is slightly
modified, as has also been reported in previous studies, for
instance, in oxalic-AAOs.*® Their porosity increases to more
than double the value for sulfuric- and oxalic-AAOs. And so
does the pore diameter. This can be due to the two processes
that were mentioned before for these two types of AAOs in that
temperature range: gas evolution and crystallization. It is
worth reminding that, for oxalic-AAOs, after annealing at
1100 °C, the a-Al,O; phase is obtained, which has a higher
density than the others (as can be also seen in the density plot,
Fig. S4 of the ESIY). In the case of phosphoric-AAOs, they do
not show any clear morphological change in the pore diam-
eter. This can be explained by the fact that there is no gas
evolution and the crystallization of the sample barely starts.
Nevertheless, it is important to say that phosphoric-AAOs
become buckled or cracked when heated above 700 °C. For
the highest annealing temperatures, the SEM images of the
phosphoric-AAO show a kind of “whiskers” covering the
surface; similar behaviour has been observed in previous
studies for the same type of AAOs.®® This morphological
change is seen above 950 °C in this study, as can be observed in
the SEM images (Fig. 6f and c). These whiskers are amorphous
according to XRD, but we have been able to identify them by
Raman spectroscopy as AIPO, and Al,(PO,4)(OH);, see Fig. 5.
The formation of these phases can also be identified by DSC.
And it is denoted as AIPO, in Fig. 3. This phase segregation at
the top and bottom of the membrane generates a phosphorous
gradient concentration though the pores and can explain why
these membranes became more brittle than the other
membranes. To perform appropriate thermal conductivity
measurements as shown in Fig. 2, the samples were polished.
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Fig. 6 SEM images of all the AAO samples of the study. Left column, sulfuric-AAOs (a, d, g, j, m, p), center column oxalic-AAOs (b, e, h, k, n, ),
and right column, phosphoric-AAOs (c, f, i, , o, r). The scale bar corresponds to 300 nm for sulfuric-AAOs and oxalic-AAOs; and 1 um for the
phosphoric-AAOs. The images correspond to the AAO membranes after the different annealing treatments: 1100 °C (a—c), 950 °C (d-f), 600 °C
(g—i), 200 °C (j-1), 100 °C (m-o0) and the untreated ones (p-r).

Conclusions gathered in this work, we can conclude some important results for
the scientific community using alumina membranes.
In this work, we have understood the influence of annealing On the one hand, the thermal conductivity of the AAO

treatments on the thermal conductivity of different AAO membranes depends on the acid used in the anodization. This
membranes prepared in the most common anodization acids: is due to the influence of counter-ions that get trapped inside
sulfuric, oxalic, and phosphoric acids. With the information the outer layer of the alumina during the anodization process.
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Therefore, each type of alumina presents a different thermal
conductivity value because they are slightly different.

On the other hand, the thermal conductivity of the AAO
membranes changes even at very low temperatures (50 °C). This is
very important because depending on the thermal conductivity
measurement technique, one may need to evaporate metal
contacts, or transducers, or cure a photo-resist when carrying out
the lithography process, or the samples must be heated by lasers,
etc. which can generate some heating in the AAO membrane. This
heating can produce water evolution from the AAO membrane,
which modifies their thermal conductivity. This is of importance
for example when determining the thermal conductivity of the
nanowires inside AAO membranes. To obtain an accurate value of
the nanowires, an empty AAO membrane must be measured under
the same conditions and post-treatments as the AAO with the
nanowires, to obtain an accurate value of the nanowires, instead of
using the values from the literature for untreated AAOs.

Another important conclusion is that the thermal conductivity of
sulfuric-AAOs can be reduced to values around 0.7 Wm™ " K™ " upon
heating the membrane at 100 °C. This is a good result, for example,
if the AAO membrane has to be used in areas in which a low
thermal conductivity is of importance, such as in thermoelectrics.

It is also worth noting that the impurities are different
depending on the electrolyte used in the anodization process
and that they affect the crystallization of the AAO membranes
differently. These impurities influence the temperature at
which the transformation starts and also the crystalline phases
in which the AAO crystallizes. These, of course, have an influ-
ence on the value of thermal conductivity of the membranes
after different thermal treatments. For example, above 1300 °C
the total transformation to a stable hcp a-Al,O3; phase happens
for oxalic-AAOs, partially for sulfuric-AAOs, and it is not ach-
ieved for phosphoric-AAOs.

Therefore, this work provides a better understanding of how
thermal conductivity changes in AAO membranes. This is key to
understanding the impact that the annealing temperature and the
anodization conditions have on the physical, chemical, and
structural properties of this oxide. This must be taken into account
when applying this type of structure as a self-supporting
membrane or coating. These findings could have a great impact
on the engineering design of different anodized oxide porous
structures, also having a high relevance for the development of
thermal transport models for these types of structures.

Finally, this understanding of the change of thermal
conductivity in AAOs must be taken into account when using
these membranes in real devices. If the membrane is heated up
(even at very low temperatures) the thermal conductivity will
change, modifying its final performance.
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