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Abstract

ZnO nanocrystals of different shapes and sizes have been synthesized using an
innovative, simple and efficient dry reactive milling methodology using Zn(NQO3), and
various polysaccharides as sacrificial templates. Optimum results were achieved using
extracted agar from the red seaweed Gracilaria gracilis. Upon template removal after
calcination at 600°C, the protocol gave rise to a range of porous metal oxide
nanomaterials of different shapes and nanoparticle sizes which were found to have
excelling photocatalytic properties in aqueous phenol degradation as compared to
commercial P25 Evonik titania.

Keywords: ZnO, nanocrystals, macroalgae, polysaccharides, reactive milling,

photocatalysis sacrificial templating.
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Introduction

Nature inspires scientists to devise smart and innovative approaches that can
mimic its miniaturisation and efficiency in the production of energy, biometabolites and
materials. An advanced degree of innovation in research can therefore be introduced by
designing processes with natural resources from a fundamental and rational
understanding.'?

Nanomaterials because of their unique size-dependent properties and small sizes
have a great potential for commercial applications that can improve human lives
through important applications including biomedical devices, electronics, catalysis,
information technologies, food packaging and preservation, personal care products, as
well as environmental technologies.3 Nano-scaled materials, including ZnO
nanocrystals, can be synthesized by a variety of methods some of them may be
potentially harmful to either the environment or human health. Nevertheless, more
versatile and innovative procedures are required for a simplified synthesis of ZnO
nanoparticles with variable particle sizes and enhanced electrical and optical properties
in order to find suitable applications in various fields (e.g. dye-sensitized solar cells,
photocatalysis).

An interesting and highly practically successful approach to ZnO nanomaterials
synthesis, due to the possibility to control size, size-dispersion and crystallinity,
involves the decomposition of organometallic precursors in a coordinating solvent
under high temperatures.“’5 However, these methodologies are rather complex in terms
of laboratory equipment required, making use of expensive reactants and tedious

workup for nanocrystals isolation to achieve fairly pure nanocrystals.
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Comparatively, alternative ZnO nanocrystal synthesis protocols have been based
on the hydrolysis of zinc salts. An original method based in the addition of LiOH to an
ethanolic zinc acetate solution subsequently modified introducing an aging step of very
small ZnO nuclei under different temperature or water content conditions.®’

Other procedures of ZnO nanocrystals synthesis consist in the hydrolysis of zinc
alkoxides. Carnes et al. reported a method where diethylzinc, tert-butyl alcohol, ethanol
and water were involved.® Particle size of ZnO nanocrystals obtained by this method
was within the 3-5 nm range. Larger spherical particles were formed as a result of the
aggregation of these crystals, developing a porous structure with a particular high
surface area.

Electrochemical routes have also been comparably developed for the synthesis
of ZnO nanoparticles. An initial electrochemically deposition of zinc metal is followed
by an oxidation in an appropriate solution. Size-selective could lead to ZnO
nanocrystals between 1.5 and 10 nm diameter. In addition, ZnO films of 10-40 nm in
thickness have also been prepared by deposition of higher amounts of zinc metal.”

Another relevant methodology to synthesize nanostructured materials involves
the utilisation of soft materials as templates (soft templates).'® Typically, soft templates
include macro and microemulsions, micelles or vesicles, and some polymers as well as
biological molecular assemblies. Surfactant molecules that in aqueous solution can self
assemble to form micelles and vesicles have been used as soft template to prepare ZnO.
Cong and Yu reported an interesting method for synthesis of hollow spheres of hybrid
ZnO—dye.11 The hybrid ZnO—-dye hollow spheres were found to have interesting optical
and electronic properties.

Ammonia-catalyzed hydrolysis of zinc dibutoxide in non-ionic reversed micelles

was reported as example of the utilization of reverse micelles as templates.'® Hexagonal
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single crystals were observed in all micelle regions and particle size of ZnO was
controlled by both solubilised states of water and the size of the micellar droplets but
independent of zinc dibutoxide.

Imidazolium tetrafluoroborate ionic liquids in a solvothermal reaction system
have also been proposed as soft template for synthesis of spheres and hollow spheres of
ZnO with tunable nanostructures.'” In this case spheres with diameters in the 1 to 2.5
pum range comprising 20 nm diameter nanorods could be obtained. ZnO nanostructures
were also prepared by decomposing precursor nanoparticles in NaCl nonaqueous ionic
liquid, in which the precursor Zns(COs3),(OH)s nanoparticles were first prepared by a
one-step, solid state reaction and ground with both NaCl and surfactant nonyl pheyl
ether (9) NP-9 or only in NaCl, followed by heating at 850°C for 2 h." Hexagonal
nanoplates were synthesizedwith an interplanar spacing of ca. 0.28nm and nanowires
(30-60 nm diameter).

With regards to the use of polymers as templates, a polymer-assisted control of
particle morphology and particle size of zinc oxide precipitated from aqueous solution
was recently reported by Taubert et al.'* Different diblock copolymers were employed
to control ZnO nanoparticle morphologies, as well as sizes and size distributions.
Hexagonal prismatic particles were observed when water-soluble poly(ethylene oxide-
block-methacrylic acid) was used, with variable sizes and size distributions depending
on the level of blocks polymerization. Narrow size distributions were obtained
regardless of polymerization extension, in case of poly(ethylene oxide-block-styrene
sulfonic acid) used as copolymers presenting different particle shape.14

However, the above mentioned nanomaterials templating can be affected by
major drawbacks including high cost of the synthesis and significant environmental

. 15 .. . . .- .
impact.”” Therefore, cost efficiency and environmental sustainability are considered an
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intriguing challenge for next future. In this respect, the use of natural, renewable, cheap
and abundant template materials (e.g. biopolymers) can be highly attractive to prepare
nanostructured materials on a large scale and in a “green” Way.15 Biopolymers including
cellulose,16 starch,”'20 chitosan,ﬂ'24 agarosezs'28 and algina‘[ezg’?’0 have been utilised as
sacrificial soft templates to generate metal oxide nanoparticles. The advantages of using
these materials as templates include a simple synthetic procedure, generally mild
reaction conditions, easy removal, and easy scale-up.”’ Recently, a biomimetic method
to grow crystalline ZnO nanowires employed genetically-modified collagen triple helix
peptide nanowires as soft biotemplate. In this case, the diameter and length of
nanowires could be controlled by the number of amino acid residues in the triple helix,
controllable with recombinant technology.3 2

To the best of our knowledge, the use of biopolymers (e.g. polysaccharides) in
the solid state as sacrificial templates for the development of nanocrystalline materials
via reactive solid state milling has not been reported to date. Moreover, in the light of
the growing concern regarding the pollution of the environmental and the need to
decrease waste formed during chemical processes, ball milling has emerged as one
alternative to the conventional chemical protocols being able to provide effective
syntheses with significantly reduced energy consumption.

Following our recent research endeavours to the synthesis of benign by design
porous nanomaterials using a novel mechanochemical protocol based on solid state
grinding of metal precursors and pre-formed supports3 3, herein we report a simple
methodology for the preparation of porous ZnO nanocrystals with different shapes and
sizes by solid state grinding of a zinc precursor [Zn(NOs;),;] with polysaccharides
including a biomass-derived agar extracted from macroalgae®" followed by thermal

decomposition in the absence of any solvent or hazardous/expensive reagent.
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Experimental

Materials preparation

The preparation of bio-templated ZnO nanocrystals was carried out using a ball
milling protocol similar to that previously reported by the group. In a typical
experiment, the desired quantity of zinc precursor [typically Zn(NO3),.6H,O] was
milled with a certain quantity of polysaccharide from 1:1 to 1:10 zinc
precursor/polysaccharide w/w ratios in a 125 mL stainless steel recipient of a
Retsch-PM100 planetary ball mill at 350 rpm for 30 min (optimized conditions). 18
stainless steel balls of 1 cm diameter were employed. Upon milling, the slightly
coloured solid was directly transferred to a ceramic vessel and subsequently calcined in
air at 600°C for 3 h. Calcination temperature was selected based on thermal
decomposition studies which indicated most organics were removed from the material
after 500°C (see TG/DTA experiments and discussion). Samples were denoted as
ZnOxx Y:Y w/w in which XX stands for the initials of the utilized polysaccharide as
sacrificial template (e.g. AA for alginic acid; ST for starch; AG for extracted macroalgal
agar) and Y:Y is the weight to weight ratio of Zn precursor/polysaccharide (see Table 1
for full details).

In the particular case of the macroalgal extracted agar, the polysaccharide was
previously extracted from the red seaweed Gracilaria gracilis using a previously
reported microwave-assisted extraction (MAE).** Briefly, 1 gram of dried sample was
transferred to a teflon extraction vessel of a Ethos 1 (Microwave Accelerated Reaction
System for Extraction and Digestion, Milestone, USA) containing 40 mL distilled

water; then the vessel was closed upon introduction of a fiber optic probe to measure the
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temperature in the systems. The operational parameters employed in the MAE apparatus
were the following: magnetron power 100%, ramp temperature time, 10 min. During
operation, both temperature and pressure were monitored in a single vessel (control
vessel). The temperature programme used for the extraction was 100°C for 10 min.
After the extraction, the vessels were opened still warm because of the agar gelling
properties. The mixture was filtered using paper filter under vacuum at 70°C. The
filtrate was held at room temperature for gel formation, and the gelled material was then
frozen in the freezer at -15°C overnight to obtain the native extracted agar (ex. agar).
Upon extraction and isolation, the agar was identically utilized in the bio-templating

methodology with respect to pure starch and alginic acid.

Materials characterisation

XRD patterns were recorded on a Siemens D5000 diffractometer with CuKa
(A=1.5418 A), over a 20 range from 5 to 80°, using a step size of 0.01° and a counting
time per step of 20 s.

Nitrogen adsorption measurements were carried out at 77.4 K using an ASAP
2000 volumetric adsorption analyzer from Micromeritics. The samples were outgassed
24 h at 150°C under vacuum (p < 107 Pa) and subsequently analysed. The linear part of
the BET equation (relative pressure between 0.05 and 0.30) was used for the
determination of the specific surface area. Dgyg = mean pore size diameter; Vg = Pore
volumes. The pore size distribution was calculated from the adsorption branch of the N,
physisorption isotherms and the Barret-Joyner-Halenda (BJH) formula. The cumulative
pore volume Vgjy was obtained from the pore size distribution (PSD) curve.

The size and morphology of carbonaceous materials were investigated using a

Electron Microscopy. Scanning Electron Microscopy (SEM) and elemental analysis
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were recorded on a JEOL 173 JSM-6300 Scanning Microscope with energy dispersive
X-ray analysis (EDX) at 20 kV. Samples were coated with Au/Pd on a high resolution
sputtering SC7640 instrument at a sputtering rate of 1.5 kV per minute, up to 7 nm 177
thickness. Transmission Electron Micrographs (TEM) were recorded on a JEOL
JEM-2010HR instrument operated at 300 kV. Samples were suspended in ethanol and
deposited straightaway on a copper grid prior to analysis.

XPS measurements were performed in a ultra high vacuum (UHV) multipurpose
surface analysis system (SpecsTM model, Germany) operating at pressures <10 mbar
using a conventional X-ray source (XR-50, Specs, Mg K7 , 1253.6 ¢V) in a “stop-and-
g0” mode to reduce potential damage due to sample irradiation. The survey and detailed
Fe and Cu high-resolution spectra (pass energy 25 and 10 eV, step size 1 and 0.1 eV,
respectively) were recorded at room temperature with a Phoibos 150-MCD energy
analyser. Powdered samples were deposited on a sample holder using double-sided
adhesive tape and subsequently evacuated under vacuum (<10-6 Torr) overnight.
Eventually, the sample holder containing the degassed sample was transferred to the
analysis chamber for XPS studies. Binding energies were referenced 190 to the Cls line
at 284.6 eV from adventitious carbon. Deconvolution curves for the XPS spectra were

obtained using software supplied by the spectrometer manufacturer.

Photocatalytic experiments

Photocatalytic reactions were performed in a Pyrex cylindrical double-walled
immersion well reactor with a total volume of 450 mL. The bath reactor was
magnetically stirred to obtain a homogeneous suspension of the catalyst. A medium

pressure 125 W mercury lamp (Anax = 365 nm), supplied by Photochemical Reactors
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Ltd. (Model RQ 3010) was placed inside the glass immersion well as light irradiation
source. The reaction temperature was set at 30°C.

Phenol solution (50 ppm) was prepared in Milli-Q water. Experiments were
conducted from 150 mL of the mother solution and 1 g L™ of catalyst concentration was
used. All reactions were carried out under ambient air (no oxygen bubbling conditions).
Approx. 2 mL of samples were periodically taken from the photoreactor at specified
times of reaction and filtered through 0.2 pm, 25 mm nylon filters in order to remove
the photocatalyst prior to analysis. Phenol degradation was measured, after external
standard calibration, by HPLC (Waters HPLC Model 590 pump), equipped with a PDA
detector. Separation was performed on a XBridge™ C18 5 um 4.6 x 150 mm column
provided by Waters. The mobile phase was Milli-Q water/methanol (65:35 v/v) mixture
with 0.1% of CFsCOOH at a flow rate of 1 mL min™. The injection volume was 10 pL.
Blank experiments were performed in the dark as well as with illumination in the
absence of photocatalyst, without observable change in the initial concentration of
phenol in both cases.

The degradation rate can be expressed as first-order with respect to phenol
concentration:

-dC
r=7=kw*c (1)

where k,, is the apparent rate constant of a pseudo first order reaction.

The percentage of phenol degradation (D%) was calculated as follows:

c,-C
D% = OC *100 (2)

0

Results and discussion
Prior to optimisation of synthesis conditions, various Zn precursors were

investigated as well as a range of polysaccharides. The selection of Zn(NO3), was
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justified on the basis of preliminary milling experiments showing that non porous
amorphous ZnO materials were achieved using different precursors (e.g. ZnCly,
Zn(CH3COQ);-2H,0) under identical synthesis conditions to those detailed in all
experiments from this work (Table 1, ESI, Sggr Dgjg and Vgyy of ZnO crystals from
ZnCl, were not determined). Results seemed to point out to a better hydrolysis of the
metal precursor under the investigated conditions as previously reported.” Optimisation
of milling conditions also indicated that materials prepared at very short milling times
(under 30 min) and low or high milling speed (<300 or over 500 rpm) provided non
porous low crystalline materials (see ESI, ZnO 1:2 alginic acid harsh milling
conditions).

In view of this set of preliminary experiments, selected milling conditions
included the use of Zn(NOj), as precursor (which provided porous materials and
reduced NP sizes as compared to those of other Zn precursors including ZnCl, and Zn
acetate, Table 1), 350 rpm as optimum speed and 30 min milling. From here, various
polysaccharides (e.g. starch, alginic acid and a naturally extracted agar from the red
seaweed Gracilaria gracilis) and metal precursor/polysaccharide ratios were
investigated for the development of ZnO nanomaterials. Textural properties of key
synthesized materials have been summarized in Tables 2 and 3 (see also ESI). Initially,
varying Zn precursor/polysaccharide ratios were investigated for a particular
polysaccharide. Results in Table 2 pointed out that the direct calcination of the Zn
precursor either without (ZnO¢) or with milling (ZnO-BMc) gave essentially ZnO non

porous materials.

Table 1 Textural properties of synthesized ZnO nanomaterials using different Zn
precursors and Alginic acid (AA)
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b .
Seer’ Dpm’ Ve NP size

Material Synthesis conditions (m¥g) (m) (ml/g) (XRD/TEM)

Zn0pp 1:2 wiw 4 gZn (NO3),, 8 g AA, 350

. 11 <2 0.14 18/20
rpm, 30 min
350 rpm, 30 min ) ) ) )
ZnOpp 1:2 wiw 4 g Zn(Ac),, 8 g AA, <10 <« 0.09 38/-

350 rpm, 30 min

*Sper: specific surface area was calculated by the Brunauer-Emmett-Teller (BET)
equation; bDBJH: mean pore size diameter was calculated by the Barret-Joyner Halenda
(BJH) equation; “Vgju: pore volumes were calculated by the Barret-Joyner Halenda
(BJH) equation; IXRD NP sizes were calculated by the Scherrer equation. TEM NP

sizes were worked out from TEM images averaging 15-20 particles.

Comparatively, the use of alginic acid as bio-template provided interesting
essentially microporous ZnO nanocrystalline materials with enhanced porosities at
increasingly larger quantities of polysaccharide up to a certain extent (Table 2, ZnOpa
1:1 to 1:16 mass ratios). In spite of a slight increase in surface area (from 11 to 16 m’ g
Y, a further increase from 1:2 Zn precursor/alginic acid mass ratio did not however
entail any significant improvement in terms of textural properties. Structural properties
(e.g. crystallinity) were compromised under excessive polysaccharide content (Fig. 1).
Based on textural and structural properties, a 1:2 mass ratio was therefore selected as
optimum, minimizing quantities of the sacrificial biotemplate, to carry out further
experiments. Of note the use of different polysaccharides (e.g. starch - ST, extracted
agar from algae - AG) provided similar findings to those included in Table 2 for alginic

acid (AA).
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Table 2 Textural properties of synthesized ZnO nanocrystals from this work

Synthesis SBET“l DBJHb VBJHC NP size

Material conditions (m’/g)  (nm) (ml/g)  (XRD/TEM)’

Direct calcination of
7ZnOc¢ Zn(NO;),.6H,0 (no - - - 33/40
milling)
Zn(NOs),, no

ZnO-BMc polysaccharide - - - _
350 rpm, 30 min

. 4 g Zn (NO3),

350 rpm, 30 min

. 4 an (NO3)2

350 rpm, 30 min

. 2 gZn (NO3),
ZnOan 1:4 whw 8'a AA 13 <« 0.13 42/45

350 rpm, 30 min

) 0.56 g Zn (NO3),
Zn0pp 1:8 w/w 459 AA 16 <2 0.14 26/32

350 rpm, 30 min

) 0.56 g Zn (NO3),
ZnOaa 1:16 wiw 9g AA 14 ) 0.11 33/35

350 rpm, 30 min

*Sper: specific surface area was calculated by the Brunauer-Emmett-Teller (BET)
equation; bDBJH: mean pore size diameter ws calculated by the Barret-Joyner Halenda
(BJH) equation; “Vgju: pore volumes were calculated by the Barret-Joyner Halenda
(BJH) equation; YXRD NP sizes were calculated by the Scherrer equation. TEM NP

sizes were worked out from TEM images averaging 15-20 particles.

Table 3 Comparison between ZnO nanomaterials synthesized from different polysaccharides:
alginic acid (AA); starch (ST); extracted agar from algae-(AG).

. Synthesis SBETa DBJHb VBJHC NP size
Material conditions m%g)  (nm) (ml/g) (XRD/TEM)*
Zn(NO;); no
ZnO-BMc polysaccharide, - - - -

350 rpm, 30 min
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4 ¢ Zn (NO
ZnOaa 1:2 wiw gSIg‘XA %

350 rpm, 30 min

11 <2 0.14 18/20

. 3 ¢ Zn (NOs),

650 rpm, 15 min

0.127 g Zn(NOs),
ZHOAG 1:2 wiw 0.254 g AG,

350 rpm, 30 min

15 2.1 0.32 47/ca.50°

*Sper: specific surface area was calculated by the Brunauer-Emmett-Teller (BET)
equation; ®Dyyy: mean pore size diameter ws calculated by the Barret-Joyner Halenda
(BJH) equation; “Vgju: pore volumes were calculated by the Barret-Joyner Halenda
(BJH) equation; IXRD NP sizes were calculated by the Scherrer equation. TEM NP
sizes were worked out from TEM images averaging 15-20 particles. “Average size 50

nm, some small nanocrystals (see TEM) could be observed.

Interestingly, alginic acid biotemplated nanocrystals were observed to have
lower NP sizes as compared to starch and ex. agar materials. These results are in good
agreement with previous reports from the group on the exceptional capping ability of
alginic acid as compared to other polysaccharides in the preparation of nanomaterials.”
Table 3 summarizes a comparison between the syntheses of ZnO nanomaterials from
various polysaccharides, evidencing remarkably improved textural properties for the
case of the extracted agar from macroalgae. Particularly, more than double pore volume
and a narrower pore size (close to the mesoporous) was obtained in ex. agar
biotemplated materials (ZnOxsg). XRD patterns of ZnO nanomaterials have been
included in Figure 1 (see also ESI for all samples). Differences between samples were
evidenced both in terms of crystallinity and phases present (particularly for ZnOag
synthesized from ex. agar).

All nanomaterials exhibited the typical diffraction lines of ZnO hexagonal phase

(zincite, P63mc) at 31.1° (100), 34.4° (002), 36.2° (101), 47.6° (102), 56.6° (110), 63°



Green Chemistry

(103) and minor 66°, 67.9° and 69° in good agreement with previously reported
literature results.*® However, a significant variation in crystallinity was observed in the
materials towards low crystalline samples at larger polysaccharide contents (e.g. 1:2 vs
1:8 mass ratios, Fig. 1B and D). As expected, milling was found to have a certain
influence on the degree of crystallinity of the materials in good agreement with previous
reports, > >’ but this was not very significant at the relatively short milling times
investigated in this work.

Interestingly, the polysaccharide mediated ZnO materials generally exhibited a
rather pure ZnO diffraction pattern without any observable diffraction lines
corresponding to mixed C/O/Zn species. These findings confirm the efficient removal
of the sacrificial template upon calcination even for the case of ex. agar derived
materials (ZnOag, Fig. 1C). Nevertheless, apart from a lower crystallinity, ZnOxg
nanomaterials from ex. agar contained some additionally interesting diffraction lines
(Fig. 1C). In particular, these were related to the presence of highly crystalline KCl
(diffraction lines at 28.4°, 40.6°, 50.4°, 66.6 ° and 74°) and a potassium sodium sulfate
K3Na(SO0y), salt (diffraction lines at 30.4°, 31.4° and 45°). Their presence is supposed to
be correlated with the presence of traces of K and S in the extracted agar material as

reported previously by Francavilla et al®
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Fig. 1 XRD diffraction patterns of A) Reference crystalline ZnOc¢; B) ZnOaa 1.68 mmol

g' AA; C) ZnOag 1.68 mmol g AG; D) ZnOxa 0.42 mmol g AA.

Representative  TG-DTA  profiles of the uncalcined milled Zn
precursor/polysaccharide for the particular case of ex. agar from Gracilaria have been
included in Fig. 2. A significant mass loss (over 35 wt%) was observed under 200°C,
accompanied by a typical endothermic peak (due to physisorbed water before 100°C) as

well as a sharp exothermic peak at 108-110°C (beginning of the decomposition step of

80
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the organics from the agar polysaccharide). An even larger mass loss, accounting for ca.
50 wt.% of the total initial mass of sample, was clearly visible in the 120 to 490°C
range, corresponding to the removal of the corresponding organic part of the
polysaccharide. An intense exothermic peak was recorded centred at 382°C. Calcination
of the material at temperatures above 500°C ensures in principle an almost complete
removal of the polysaccharides from the material. Thus a temperature of 600°C selected
for materials calcination seemed to be most appropriate. However, experimental data on
impurities present in polysaccharide biotemplated materials (Table 4, see also ESI for
other samples) indicate the presence of minor quantities of C in ZnO nanomaterials as

well as other impurities in the case of ex. agar.

Table 4 Impurities present in ZnOag 1: 2 ex. agar
nanomaterials upon calcination as detetermined by EDX"

Element wt. % Atomic %
C 5.0 12.5
S 2.5 2.5
Ca 3.5 2.8
Al 1.8 2.0
Si 4.5 55
Cl 3.0 3.0

a Averaging 4 measurements (four different domains of the sample)

The remarkable differences observed between samples were confirmed by SEM
and TEM. SEM micrographs included in Figure 3 showcase unexpected differences in
terms of morphology for ZnO nanostructures. The direct calcination of the metal

precursor in the absence of polymer (ZnOc¢) gave an expected random chunk-like
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morphology, with large particle sizes (50-100 um, Fig. 3A). Comparably, polymer
biotemplated ZnO materials (ZnOaa, ZnOxg and ZnOgr) depicted in Figures 3B to D
exhibited different morphologies from flower-like for alginic acid and starch
biotemplated ZnO (ZnOsa and ZnOst) to a remarkable and perfectly arranged
hexagonal-like shape for macroalgal-agar derived materials of ca. 1-5 um (ZnOxg, Fig.
3C inset). Such morphology was in good agreement with XRD results which indicated

the presence of a P63mc hexagonal crystalline phase.

1

"""" DTG (% min™)
100
o
-20 1 60 ~
o~ -
= =
o 1 40 =<
& -40 =]
120 .
2 6l 40 |
H [T~
3 g,
"-..\
B o -20
N [ -804 ~
-100 L L L . -40
200 400 600 800 1000

Temperature (°C)

Fig. 2 TG-DTA profiles of sample ZnOxc 1:2 ex. agar.

To the best of our knowledge, this is the first example of the synthesis of
crystalline porous ZnO nanostructures based on a simple solid state grinding of metal
precursors and pre-formed support consisting of a naturally extracted biopolymer from
biomass (macroalga Gracilaria gracilis). Previous studies reported the use of agarose
(purified agar) as soft template for synthesis of metal oxides (SiO,, TiO,, Zr02)26'27 as
well as metal-oxides composites (TiO,-Au)™. However, several synthetic steps
including sol-gel processes, chemical reduction and solvothermal steps are generally

involved in those methodologies as compared to the one-pot solventless
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mechanochemical synthesis reported in this work. Furthermore, no direct agarose

templated ZnO synthesis has been reported yet.

Fig. 3 SEM micrographs of A) ZnO¢ obtained via direct calcination of Zn(NOs3),. B)

bio-templated ZnOaa nanocrystals using pure alginic acid; C) bio-templated ZnOxg
nanocrystals using macroalgae extracted agar; D) bio-templated ZnOgr nanocrystals

using pure starch.

The crystalline structure of ZnO materials as well as observed morphological
changes were demonstrated by TEM measurements (Fig. 4). As compared to a rather

continuous crystalline structure of non porous directly calcined ZnO (ZnOc, Fig. 4A),
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biotemplated ZnO materials exhibited a structure comprising small nanoparticle

aggregates (ca. 5-10 nm) with NP sizes in the 25-50 nm depending on the material.

Fig. 4 TEM micrographs of A) non porous directly calcined ZnOc; B) Alginic acid

bio-templated ZnOaa 1:2 precursor/polysaccharide mass ratio; C) ex. agar bio-
templated ZnOxg 1:2 precursor/polysaccharide mass ratio. Inset on C represents a High

Resolution TEM image of a single nanocrystal from ex. agar synthesized ZnOxg.
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A high crystallinity was observed for most ZnO materials (see HR image in inset
from Figure 4, also ESI for full details). Interestingly, increasing the quantity of
polysaccharide in the mixture led to a mixture of nanoparticle and nanotubular-like

nanostructures observed at large polysaccharide contents which can be related to the

linear helical structure of polysaccharides such as starch (Fig. 5, see also ESI).

Page 20 of 26

Fig. 5 Evolution of the nanostructures with changing precursor/polysaccharide mass
ratios. A) Zn(NOs), : alginic acid 1:1 w/w; B) Zn(NO3), : alginic acid 1:2 w/w; C)

Zn(NO3),: alginic acid 1:4 w/w; D) Zn(NO3), : alginic acid 1:8 w/w.

Based on these results, the presence of significant quantities of impurities in ex.
agar biotemplated ZnO nanostructures and their potential implications in photocatalytic

applications, the performance of two representative materials, namely ex. agar
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synthesized ZnOxg and alginic acid synthesized ZnOax as compared to commercial P25
Evonik were investigated in the photocatalytic degradation of phenol in water.

Phenol degradation efficiency results for different materials are shown in
Figures 6 and 7 as well as Table 5. A significantly improved efficiency for phenol
degradation was observed for ZnOxg 1:2 ex. agar, also very similar to that of ZnO
nanomaterials containing a large excess of polysaccharide as template (e.g. ZnOaa 1:16
alginic acid). After 240 min of irradiation, almost 52 % of phenol was degraded using
the naturally agar biotemplated ZnOxg, a significant difference as compared to ZnOaa
biotemplated with alginic acid (<35% phenol degradation). A remarkable difference
was also observed with respect to P25 Evonik in which initial activity was better but

then leveled off while those of ZnO nanomaterials increased with time.

Table 5. Apparent rate constant (Kspp) of phenol degradation for the
synthesized catalysts.

Band Degradation
gap NP size After 20 min. After 240 min. (%) afFer
Catalyst (eV) (XRD/TEM)* 240 min.
K R? k R?
ZHOXAAI:M 3.0 33/35 0.0049 0.9991 0.0018 0.9163 35
ZnOAAg 12 2.8 47/50° 0.0072 0.9804 0.0028 0.9373 52
From 20 min. to
P25 Evonik 121 00245 09950 240 min. of 37
illumination
3.2 0.0009 0.9780

"XRD NP sizes were calculated by the Scherrer equation. TEM NP sizes were worked
out from TEM images averaging 15-20 particles. bAverage size 50 nm, some small

nanocrystals (see TEM) could be observed. Band gap of commercial ZnO: 3.2 eV.
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Fig. 6 Phenol degradation efficiency (measured as the relative concentration of phenol

(C/C,) over time) of ZnOa,a 1:16 alginic acid, ZnOxg 1:2 ex. agar and P25 Evonik.
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Fig. 7 Photocatalytic degradation curves of phenol for ZnOaa 1:16 alginic acid, ZnOxg

1:2 ex. agar and P25 Evonik.

On the basis of characterisation results and photocatalytic degradation findings,
it seems like the presence of mainly C present in ZnO 1:2 ex. agar (as seen with a
similar photocatalytic results obtained for ZnO 1:16 alginic acid containing ca. 8-10
wt.% C) can be correlated with the observed improved activity. While a decrease in

band gap was noticeable in biotemplated ZnO nanocrystals as compared to P25 Evonik
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and commercial ZnO (Table 5), no direct correlation between nanoparticle size and
activity could be found from obtained data. In any case, additional synergetic effects of
other impurities, namely S, metals and the determined salts or the increase in surface
area of the materials cannot be ruled out as contributors to such improved photoactivity.
Further investigations are currently ongoing in our laboratories to understand the

contributions to the observed enhaced photocatalytic activities.

Conclusions

A simple and straightforward synthesis of porous ZnO nanostructures was
efficiently conducted using a reactive milling protocol under mild conditions and short
times of milling (typically 30 min) by using a range of polysaccharides as sacrificial
templates including an extracted agar from macroalgae. The synthesized ZnO were
found to be highly crystalline nanostructured materials, with a particularly promising
photocatalytic phenol degradation demonstrated for the porous ZnO nanostructure
prepared from extracted agar from the red macroalga Gracilaria gracilis. Due to its
simplicity, wide applicability and reproducibility, the proposed protocol has an
enormous potential and is envisaged to pave the way to the synthesis of various porous
nanostructures of different metal oxides (e.g. iron oxides, TiO,, Al,O3, CeO,, etc.)
currently under investigation in our laboratories. Nevertheless, the economic and
environmental credentials of the proposed solid state milling process as compared with

“conventional” synthesis will be part of future investigations of the group.
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