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A B S T R A C T   

Environmentally conscious biomorphic ceramics (Ecoceramics) are a new class of material manufactured from 
renewable resources and wastes. Sustainable cork wastes were pyrolysed, and this activated carbon template 
infiltrated with a sol-gel precursor (from aqueous green-chemistry) to form TiO2 on heating in air, with the 
honeycomb microstructure of cork. Physical and optical band gap properties were characterised by XRD, SEM 
and Raman and UV–vis spectroscopy, and differences between alkaline and acidic activation of the carbon 
template also studied. With activation by HCl, HNO3 or H2SO4, a mixture of anatase and rutile formed. NaOH 
activation resulted in pure anatase, but a large amount of Na was retained. At 1000 ◦C acid activated ecoceramics 
formed pure rutile, but the NaOH activated one formed Na2Ti6O13 (sodium hexatitanate) as the major phase, 
coexisting with anatase, brookite and rutile. This material is worth further investigation, as Na2Ti6O13 is reported 
as a photocatalyst in its own right.   

1. Introduction 

TiO2 is an economic, non-toxic semiconductor with a band gap (Eg) 
in the UV–visible region [1], and has been a well-known photocatalyst 
since the 1970’s [2,3]. TiO2 combats pollution via a photo-induced re-
action occurring at the photocatalyst’s surface. Absorption of a photon 
with energy >Eg Ref. [4] makes electron-hole pairs that create radicals 
able to reduce organic or inorganic matter, and inactivate/kill bacteria 
[5]. Solar light is ~4% UV and ~46% visible light at sea level, but the 
most common titania phase used in photocatalysis, anatase, functions 
only under UV (Eg = 3.23 eV = 384 nm) exploiting just ~4% of solar 
light [6]. However, the rutile form of TiO2 works under visible light (Eg 
= 3.02 eV = 410 nm) [7]. A more efficient photocatalyst exploiting both 
UV and visible light can produced by combining the two phases; indeed, 
it was demonstrated that the well-known commercial TiO2 photocatalyst 
Degussa/Evonik Aeroxide P25 actually consists of 76 wt% anatase, 11 
wt% rutile and 13 wt% amorphous TiO2 [8]. 

Plants and wood are natural bio-organic composites, exhibiting 
porous, anisotropic morphologies, with excellent strength at a low 
density compared to metals or ceramics [9]. They have a highly porous 

cellular microstructure, the cells forming a system of channels to carry 
water. Liquid infiltration techniques can be used to impregnate the 
cellular structure of wood and transform it into an inorganic copy of the 
original cellular structure [10]. The wood is first pyrolysed to a pure 
carbon skeleton which maintains its structure, but is highly nanoporous, 
and can be impregnated with a solution, which converts to the inorganic 
phase on heating in air, with loss of the carbon. This can be used as a 
template for the synthesis of novel inorganic materials with highly 
anisotropic cellular microstructures, a new class of ceramics now 
referred to as ecoceramics – environmentally conscious ceramics [11, 
12]. Although most ecoceramics work has focused on SiC [13], several 
oxide ecoceramics have been produced from various woods, including 
TiO2 from rattan and pine [14]. However, until the pioneering work by 
Pullar et al. at CICECO/Aveiro University, no ecoceramics had been 
produced from cork. 

Cork is the bark of a slow-growing oak, Quercus suber L., with Europe 
supplying 85% of all cork, and Portugal is the major global producer 
(50%) [15]. Cork has a 3-DOM microstructure of hollow cells different 
from other woods, consisting of a hexagonal honeycomb of ~20 μm cells 
in the radial direction [16], with cell walls 1 μm thick (40M–100 M 
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cells/cm3) [17], and a very low density of 0.12–0.24 g/cm3 [17]. Cork is 
a uniquely sustainable and renewable resource, the bark being harvested 
every 9 years without harming the tree, which lives on as a carbon sink 
for >200 years [18]. As cork oak trees store carbon in order to regen-
erate their bark, a harvested cork oak tree absorbs up to 5 times more 
CO2 in a lifetime than one that is left alone, and cork can sequester up to 
5.7 T CO2/ha/yr [19]. As such, cork is an ideal natural template for 
Ecoceramics. 

The group at CICECO/Aveiro University was the first to create cork- 
derived ecoceramics [20], and has reported lightweight magnetic hex-
aferrite “foams” [21], zinc oxide [22], calcium carbonate [23] and ceria 
ecoceramics [24], the latter for applications in the thermochemical 
splitting of water and CO2 to create hydrogen and CO for renewable 
fuels using concentrated solar light [25,26]. In this paper we detail the 
synthesis and characterisation of the first titania ecoceramics derived 
from cork templates. These were infiltrated with an aqueous sol-gel 
precursor made by a green chemistry route, also developed by the 
group at CICECO/Aveiro University [27], and the resulting TiO2 eco-
ceramics were characterised by XRD, SEM, and Raman and UV–vis 
spectroscopy. We also studied and compared the effects of alkaline and 
acidic activation of the cork-carbon template. 

2. Experimental 

The cork used was a waste cork powder, supplied by Amorim, ob-
tained after finishing operations during the preparation of cork bottle 
stoppers. It has a stated particle size of 250–500 μm, and a density of 
0.05–0.07 g/cm3 [28]. The activation solutions used were each 10 M 
concentration, made from NaOH (ACS reagent, 97%, Sigma Aldrich), 
HCl (VWR AnalaR, 37%)), HNO3 (Fluka, 65%) and H2SO4 (Sigma 

Aldrich, reagent grade, 95–98%). Titanium iso-propoxide (Aldrich, 
97%)) was used to produce the precursor sol, with isopropyl alcohol 
(propan-2-ol, VWR, GPR Rectapur). Distilled water was used in all cases. 

2.1. Activation and pyrolysis of the cork 

The pyrolysis and activation process was based on our previous work 
[20,24,29], but for the first time acids were also used for activation. 
Cork powder was added to the activating solution and then magnetically 
stirred at room temperature for 2 h. The solid-to-liquid ratio was kept 
constant (0.8 g cork/50 mL solution). After filtration (nylon net; PA 
15/11 L = 1050) and drying (12 h at 80 ◦C), the cork was placed in 
graphite crucibles, and then pyrolysed under nitrogen in a vertical split 
graphite furnace ref. 319/18 purchased from Thermolab, Portugal. The 
following cycle was used: i) 5 ◦C/min heating rate up to 150 ◦C; (ii) 
10 ◦C/min heating rate up to 900 ◦C; iii) 30 min dwell time at this 
temperature; and (iv) cooling (at 10 ◦C/min) to room temperature. The 
pyrolysed activated cork was washed with distilled water until neutral 
pH and dried in the oven at 80 ◦C. 

2.2. Synthesis of the titania precursor sol 

The synthesis was based on that in Refs. [27,30,31]. In brief, tita-
nium iso-propoxide (Ti(OCH(CH3)2)4) was added to isopropyl alcohol 
(IPA), and then mechanically stirred at 400–600 RPM. To this solution 
was added dropwise another solution containing an excess of deionised 
water necessary to hydrolyse the titanium propoxide, 2.5 x that amount 
of IPA, and HNO3 to peptise the sol, with a HNO3:Ti4+ ratio of 1:2.5. The 
resulting thick white precipitate and solution were then placed on a 
rotary evaporator (Büchi rotavapor R-210) and evaporated to dryness at 

Fig. 1. Scheme of the ecoceramics synthesis process, and an SEM image of the activated and pyrolysed cork powder.  
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55 ◦C and 100 mbar. Distilled water was added to redisperse the powder, 
and it was then placed again on the rotary evaporator under 80 mbar 
and 55 ◦C. This dried to a yellowish viscous gel. Afterwards distilled 
water was added again, and the gel dispersed in a few minutes to form an 
off-white sol with 1 M concentration. 

2.3. Ecoceramic synthesis 

For impregnation with the titania precursor sol, pyrolysed activated 
cork powders were placed in the rotary evaporator, the sol added, and 
then dried at 55 ◦C and 60 mbar. Once the sol had been evaporated, the 
cork was dried at 80 ◦C in an oven for 24 h. The samples were then 
heated/calcined at two different temperatures in air, 450 ◦C and 

Fig. 2. SEM images of the activated and pyrolysed cork powders, using a) NaOH, b) HCl, c) HNO3 and d) H2SO4 for activation.  

Fig. 3. Raman spectra of the activated and pyrolysed cork powders, using a) NaOH, b) HCl, c) HNO3 and d) H2SO4 for activation. The D:G ratios are shown on 
each plot. 
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1000 ◦C. The heating conditions were: 1 ◦C/min from room temperature 
to the required temperature (450 ◦C or 1000 ◦C), 30 min dwell, and 
cooling at 1 ◦C/min to room temperature. 

2.4. Characterisation 

The microstructure of the inorganic polymers was evaluated using 
scanning electron microscopy (SEM, Hitachi SU70) equipped with en-
ergy dispersion spectroscopy (Bruker EDS). Samples were coated with 
carbon. Crystal structure was determined by X-ray diffraction (XRD), 
using a PANalytical X’PERT PRO 3 instrument (Cu Kα radiation, 
2.5–80◦, 0.01◦ 2θ step-scan and 200 s/step) with phase identification by 
HighScore Plus software. Raman spectra were taken with a Bruker RFS 
100/S spectrometer using a Nd-YAG laser (1064 nm, 350 mw) with 200 
scans at a resolution of 4 cm− 1. UV–Vis spectra were measured by diffuse 
reflectance (R), and this was then converted into the absorption coeffi-
cient by the Kubelka-Munk Function, F(R) = (1-R)2/2R [32]. Wave-
length in nm was also converted into eV to estimate the optical band gap 
energy (Eg) of the samples. Measurements were carried out on a Shi-
madzu UV3100 Spectrometer, over the UV–vis range (275–800 nm), 
with 0.02 nm step-size and using BaSO4 as reference. 

3. Results and discussion 

Fig. 1 shows a scheme of the ecoceramic synthesis process, and an 
SEM image of the pyrolysed activated cork powders (in this case with 
HCl). In all cases the activation and pyrolysis had an effect on the overall 
particle size of the powders, which was now reduced to between 100 and 

250 μm. The pyrolysis process has been observed previously to greatly 
decrease the thickness of the cell walls to ~100 nm, and to slightly in-
crease the cell length as the slight corrugation of the cell walls found in 
cork is removed [24,29]. 

SEM images of the four differently activated pyrolysed cork powders 
are show in Fig. 2. It can be seen that the cork microstructure has been 
preserved very well in all four cases, with no discernible difference be-
tween the alkaline or acidic activators. 

Raman spectra were also measured of the four activated pyrolysed 
cork samples, and the results are shown in Fig. 3. They all show two 
broad peaks centred around 1600 and 1300 cm− 1. This is typical of 
amorphous or mesoporous graphitic carbon. The G band at 1600 cm− 1, 
resulting from the C–C bond stretch in sp2 carbon [33], and which is a 
strong narrow peak in crystalline, well ordered graphite, becomes lower 
and broader when the carbon is disordered. This is accompanied by an 
increase in the size of the D band around 1300 cm− 1, which is induced 
by disorder, corresponding to very small graphitic domains and crys-
talline imperfections [34]. The ratio of the intensities of D:G can be seen 
as a degree of disorder in the carbon. In all of these samples, the D peak 
is significantly more intense than the G peak, indicating a highly 
amorphous and disordered carbon structure [35,36]. The ratio of the 
intensity of D:G is very similar for the cork activated with NaOH, HCl or 
HNO3 (Fig. 3a–c), with D:G ratios of 1.42, 1.43 and 1.38, respectively. 
That activated with H2SO4 appears to be less disordered, with a D:G ratio 
of 1.16 (Fig. 3d). These values could all also be an indication of meso-
porous carbon [37]. 

The pyrolysed activated cork was then infiltrated with the titania sol 
precursor and heated in air to produce the titania ecoceramic. SEM 

Fig. 4. SEM images of the TiO2 ecoceramics heated to 450 ◦C, activated using a) NaOH, b) HCl, c) HNO3 and d) H2SO4. A larger magnification image of the NaOH 
activated ecoceramic is shown in e), and the EDS spectrum of this sample is shown in f). 
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images of the TiO2 ecoceramics heated to 450 ◦C are shown in Fig. 4. The 
sample activated with NaOH exhibits a good, biomorphic cork-like 
microstructure, with clearly apparent hexagonal cells ~20 μm in 
diameter (Fig. 4a). On the other hand, the samples activated with acids 
all look more “flaky”, with the cork cells’ walls clearly visible, but 
damage to the cork honeycomb cell structure (Fig. 4b–d). However, 
these will still be high surface area materials, even though they have lost 
much of their biomimetic 3-DOM nature. Unfortunately, it is almost 
impossible to measure the surface are of these materials due to their 
extremely lightweight nature and buoyancy effects from the gas flow 
during BET surface area measurements. The cork-like nature of the 
sample activated with NaOH can be better appreciated in the higher 
magnification image in Fig. 4e. However, the presence of residual so-
dium from the activation process may be an issue, especially for pho-
tocatalytic applications, as it is known that when the percentage of 
sodium in the titania increases, the photocatalytic activity of TiO2 de-
creases as the rate of electron-hole optical recombination increases [38]. 
The EDS spectra of the NaOH activated ecoceramic heated to 450 ◦C is 
shown in Fig. 4f. It indicates 70.3% O, 21.4% Ti, 7.5% Na, 0.5% K and 
0.4% Cl. It is well known that the accurate determination of quantities of 
light elements such as oxygen is unreliable by this technique, so the O 
value is unlikely to be accurate. Nevertheless, the ratio of Na:Ti is very 
high, at 1:2.85 (nearly 25% of metal ions is Na+), and this is likely to 
cause major problems for photocatalysis. For this reason, the acid cat-
alysed titania ecoceramics may be the better option for such 

applications. 
The XRD spectra of the ecoceramics heated to 450 ◦C are shown in 

Fig. 5. In previous studies of nanopowders made from this sol-gel system 
heated to 450 ◦C/2 h, with no NaOH present, the powders consisted of 
34.4 wt% anatase, 50.7 wt% rutile and 14.6 wt% brookite [30] with 
semiquantitative analysis, as carried out in this paper. In the NaOH 
activated ecoceramics, heated slowly to 450 ◦C, but with only a 30 min 
dwell, we have a virtually single phase anatase sample. This may have a 
small brookite peak at 30.9◦ (the 99.94% (2 1 1) peak), but it was too 
indistinct to be identified by the semiquantitative analysis. Therefore, it 
seems that the presence of sodium has inhibited the formation of 
brookite, and greatly increased the onset temperature of the anatase-to 
rutile transformation, as no rutile is present at all. A more detailed whole 
powder pattern modelling (WPPM) analysis of the sol-gel nanopowders 
indicated composition of 49.4 wt% anatase, 18.5 wt% brookite and only 
14.8 wt% rutile after 2 h at 450 ◦C, with 17.3 wt% amorphous phase 
[31], but nevertheless, the formation of rutile has clearly been inhibited 
here. 

With acid activation, all three ecoceramics are a mixture of anatase 
and rutile, but in varying ratios, and with no brookite apparent (Fig. 5). 
With HCl, the ecoceramic was mostly rutile (72 wt%), with anatase as a 
second phase (28 wt%). In studies on our titania nanoparticles made 
with HCl to peptise the sol, we indeed found that HCl favoured the 
production of rutile, resulting in a composition of 77.2 wt% rutile, 19.4 
wt% anatase and just 3.4 wt% brookite after 450 ◦C/2 h [30]. HCl used 
as an activator in ecoceramic production seems to have a similar effect. 

However, with HNO3 as an activator we obtained 57 wt% anatase 
and 43 wt% rutile, so a surplus of nitrate ions also seems to favour the 
production of rutile, although less so than chloride ions. We have never 
studied the effects of sulphate ions, and with H2SO4 as the activator, 
anatase was the majority phase at 76 wt%, with just 24 wt% rutile. 
Therefore, this has a lesser effect, although still creating more rutile than 
observed in the previous studies on TiO2 nanoparticles heated to 450 ◦C/ 
2 h. 

The UV–vis diffuse reflectance spectra of the ecoceramics heated to 
450 ◦C are shown in Fig. 6a. All exhibit a rapid decrease in reflectivity 
below ~400 nm, with the acid activated ecoceramics showing an 
absorbance just above 400 nm, in the visible region, due to the presence 
of rutile. The absorption coefficient calculated by the Kubelka-Munk 
function, F(R), is depicted in the insert in Fig. 6a, plotted against the 
energy in eV. The differential of the reflectance (dR/d λ)is shown for 
activation with NaOH in Fig. 6b and with the acids in Fig. 6c. This is an 
indication of the optical band gap of the samples, Eg. As would be ex-
pected for a sample containing only anatase, the peak occurs at 382 nm, 
matching reported values for anatase [6]. The acid activated samples all 
show strong, but very noisy, peaks centred around 397–399 nm, but 
with a clear shoulder on the right going towards 410 nm. This is due to 
the intimate mixing of the anatase and rutile phases, producing a 
“smeared” wide band gap covering the anatase and rutile regions. The 
differential of the Kubelka-Munk function (dF(R)/deV) is shown in 
Fig. 6d and e. For the NaOH activated ecoceramic, the peak band gap Eg 
is indicated to be a high value of 3.39 eV (expected to be 3.23 eV), 
although this is an extremely broad peak. Once again, the acid activated 
samples have very noisy derivative plots, although all show a strong 
peak around 3.13 eV, midway between the values of 3.23 eV for anatase 
and 3.02 eV for rutile. Such results indicate that these ecoceramics merit 
further investigation of their photocatalytic properties under UV, visible 
and solar light. 

To explore the effects of higher temperatures, the activated cork 
derived titania ecoceramics were also heated to 1000 ◦C. The SEM im-
ages of these samples are shown in Fig. 7. Unexpectedly, all of the 
samples showed more cork-like biomorphic structures, the grain growth 
which had occurred apparently improving this aspect of the materials. 
The sample activated with NaOH maintained a biomimetic cellular cork 
microstructure of hexagonal cells (Fig. 7a), but obvious crystallisation 
and grain growth had occurred. Two clear crystal types were apparent, 

Fig. 5. XRD patterns of the TiO2 ecoceramics heated to 450 ◦C, activated using 
NaOH, HCl, HNO3 and H2SO4. 
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both small submicron grains and slender needles several microns long, 
but <1 μm in diameter. These observations will be explained by the 
discussion of the XRD results. 

On the other hand, the samples activated with acids, despite having 
more cork-like cellular microstructures, look much more fragile, like 
lace-work – a filigree type structure (Fig. 7b–d). These consist of con-
nected sub-micron grains with spaces between them, creating porous 
walls for the cells. This seems to be less so for the H2SO4 activated 
titania, which consists of more solid looking cellular structure with the 
“lace-work” particles decorating the end of the open cells. These clearly 
porous structures should result in a high surface area, if delicate, 
material. 

The XRD spectra of the ecoceramics heated to 1000 ◦C are shown in 

Fig. 8. As would be expected at such a temperature, all of the acid 
activated ecoceramics consist of single phase, well crystalline rutile. 
However, the continuing presence of sodium in the NaOH activated 
titania ecoceramic has resulted in a very different material. Remarkably 
for TiO2 heated to 1000 ◦C, it consists of anatase (20 wt%), brookite (13 
wt%) and rutile (4 wt%), with the high temperature rutile phase being 
the most minor of these. The majority phase is a sodium titanate, 
Na2Ti6O13, which is monoclinic with the space group C2/m. This ex-
plains the presence of the long crystalline needles observed by SEM. This 
accounts for 62 wt% of the ecoceramic, and demonstrates the quantity of 
sodium which remained in the material at 1000 ◦C. 

Sodium hexatitanate, Na2Ti6O13 is a very interesting material in its 
own right. It has been reported to be a photocatalyst able to split water 

Fig. 6. a) UV–vis diffuse reflectance spectra of the TiO2 ecoceramics heated to 450 ◦C, activated using NaOH, HCl, HNO3 and H2SO4. The inset shows the absorption 
coefficent, calculated by the Kubelka-Munk function, plotted against energy, ev. The derivative of the reflectance is shown for b) NaOH and c) acid acivated eco-
ceramics. d) and e) show the derivative of the Kulbelka-Munk function for the NaOH and acid activated ecoceramics, respectively. 
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under UV light when impregnated with 0.2 wt% Ru [39]. Single crystal 
nanobelts of Na2Ti6O13 have shown high photocatalytic efficiency of 
93% after 60 min for the degradation of Rhodamine B under UV light 
[40]. These so-called “nanobelts” were actually 200 nm wide and in the 
order of ten microns long – similar to the crystalline needles observed 
here. These Na2Ti6O13 “nanobelts” showed strong absorption in the UV 
region, the absorbance occurring at about 360 nm corresponding to a 
band gap of 3.45 eV, very close to the values also reported for Na2Ti6O13 
whiskers (Eg = 3.4 eV), grown at 700 ◦C [41]. Other Na2Ti6O13 nano-
belts were also reported with Eg = 3.4 eV and a 76% photodegradation 
efficiency in 60 min under UV [42]. Na2Ti6O13/TiO2 composite particles 
have also been used as photocatalysts to degrade 2,4-dichlorophenol (2, 
4-DCP) under a 365 nm UV lamp with a photocatalytic efficiency of 
99.4% after 50 min [43]. Interestingly, visible light photocatalysts were 
made from Na2Ti6O13/TiO2 composite nanobelts doped with N (at 664 
nm) [44], and core@shell Na2Ti6O13/TiO2 nanorods doped with S (at 
664 nm) [45]. It also has potentially useful electrochemical properties 
for sodium ion storage batteries [40,46]. Therefore, these Na2Ti6O13/-
TiO2 composite ecoceramics, which appear to contain needles of similar 
dimensions to the “nanobelts” above, are deserving of more study and 
photocatalytic assessment. 

The UV–vis diffuse reflectance spectra of the ecoceramics heated to 
1000 ◦C are shown in Fig. 9a. The HCl, HNO3 and H2SO4 activated 
ecoceramics exhibit a decrease in reflectivity in the visible spectrum, at 
~410 nm, as would be expected for rutile. The NaOH activated sample 
has two distinct decreases, one on the edge of the visible region at ~400 
nm, due to the various titania phases, and one in the UV region at ~350 
nm, attributed to the Na2Ti6O13. The absorption coefficient calculated 
by the Kubelka-Munk function, F(R), is depicted in the insert in Fig. 9a, 
plotted against the energy in eV, and the two different band gap energies 
of the NaOH activated sample can clearly be seen. The differential of the 
reflectance (dR/d λ) for activation with NaOH (Fig. 9b) gives the two 
peaks at 398 nm and 345 nm. The acid activated samples all show the 
expected value for rutile, ~409 nm (Fig. 9c). From the differential of the 
Kubelka-Munk function (dF(R)/deV), they show a slightly lower than 
expected Eg, between 3.07 and 3.10 eV, increasing slightly in the order 
HCl < HNO3 < H2SO4 (Fig. 9e). 

For the NaOH activated ecoceramic, the two indicated band gap 
energies are Eg = 3.14 eV and 3.64 eV (Fig. 9d). The first of these is what 

Fig. 7. SEM images of the TiO2 ecoceramics heated to 1000 ◦C, activated using a) NaOH, b) HCl, c) HNO3 and d) H2SO4.  

Fig. 8. XRD patterns of the TiO2 ecoceramics heated to 450 ◦C, activated using 
NaOH, HCl, HNO3 and H2SO4. 
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would be expected for the mixture of anatase, brookite and rutile phases, 
but the second is higher than expected for the reported values of 
Na2Ti6O13, which is ~3.4 eV. Eg = 3.64 eV equates to a wavelength of 
341.5 nm, which is still within the UVA region, and found in sunlight. 

4. Conclusions 

Ecoceramics of titania were made from sustainable cork templates 
for the first time. The differences between alkaline and acidic activation 
of the carbon template was also studied. With activation by HCl, HNO3 
or H2SO4, a mixture of anatase and rutile phase was formed, although 
these additives favoured the anatase to rutile transformation even at 
these low temperatures, especially for HCl. NaOH activation resulted in 

pure anatase, but a large amount of Na was retained in the ecoceramics. 
Band gaps were as expected for mixtures of such phases, in both UV and 
visible for anatase/rutile mixes. At 1000 ◦C the acid activated ecocer-
amics formed single phase rutile, but the NaOH activated one formed 
Na2Ti6O13 (sodium hexatitanate) as a majority phase, coexisting with 
anatase, brookite and rutile. This material is worth further investigation, 
as Na2Ti6O13 is reported as a photocatalyst in its own right. 

Novel conclusions 

Titania ecoceramics produced from cork were synthesised for the 
first time, and effects of acidic vs. alkaline activation of the cork before 
pyrolysis were also studied. The titania ecoceramics retained the highly 

Fig. 9. a) UV–vis diffuse reflectance spectra of the TiO2 ecoceramics heated to 450 ◦C, activated using NaOH, HCl, HNO3 and H2SO4. The inset shows the absorption 
coefficent, calculated by the Kubelka-Munk function, plotted against energy, ev. The derivative of the reflectance is shown for b) NaOH and c) acid acivated eco-
ceramics. d) and e) show the derivative of the Kulbelka-Munk function for the NaOH and acid activated ecoceramics, respectively. 
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porous microstructure of the cork template in the final ceramic form. 
Acidic activation promoted rutile formation at only 450 ◦C to give mixed 
anatase and rutile phases, lowering the anatase-to-rutile transformation, 
while NaOH activation led to anatase only at 450 ◦C. The optical band 
gaps were as would be expected for anatase or anatase/rutile mixes. At 
1000 ◦C, NaOH activation led to the formation of Na2Ti6O13 coexisting 
with anatase, brookite and rutile, whereas the acid activated ecocer-
amics were pure rutile. 
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