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ABSTRACT

Precious metal oxides of IrO, were prepared by thermal treatment of the macromolecular
Chitosane(IrCl3)x and PSP-4-PVPe(IrCl3)x precursors. Using this procedure, pure IrO,,
phases were formed. The nature of the polymeric precursor is acting as a solid state
template and influences the size of the iridium dioxide but not significantly the
morphology, and the obtained IrO, nanoparticles are about 15 nm. For the first time, the
photocatalytic degradation of methylene blue using IrO, was measured founding a
moderated activity. The inclusion of IrO, into SiO, was performed using a combined
solution of the Chitosan and PVP precursors by the sol-gel method. Subsequent pyrolysis
of the isolated solid-state Chitosane(IrCls)y(SiO2)y, and PSP-4-PVPe(IrCl3)x(SiOy), give
rise to the 1rO,//Si0O, nanocomposites, The IrO, particles are distributed uniformly inside
the matrix of SiO, leading to stable semi porous materials appropriate for high temperature
catalytic applications. The 1rO, nanoparticles formed from the PVP precursor are mainly
nanobars of 10 nm width, while that for the chitosan precursor are around 25 nm. The
IrO,/Si0, composites exhibit a moderate photocatalytic activity toward the degradation of
methylene blue and similar to that of IrO,,



1. Introduction

Among the metals of the periodic table, the so called precious as among other, Ir, is one of
the most catalytically active [1]. Their activity is hugely enhanced at the nano-level [2,3].
This metal, as well as their metal oxides, exhibits a high catalytic activity [1,3]. IrO; is a
promising conducting oxide used for example as an electrode material in ferroelectric
capacitors for nonvolatile memories applications [4]. Although isolated solution preparation
methods for nanostructured Ir oxides are well documented [4-11], no solid-state general
methods to prepare IrO, nanostructured have been reported. IrO, is generally prepared from
an Ir salt. The relative fraction of IrO,/Ir depends on the temperature, producing Ir,O3 at
temperatures between 250 to 400 'C, and then obtaining pure IrO, at temperatures above
600 ‘C [4-11]. Here we report a general and suitable method for the preparation of
nanostructured IrO, [12-14]. Regarding to the possible application of this Ir oxide, the first
step is usually their incorporation in solid matrices. Additionally, when the application of
these nanostructured metal oxides involves high temperatures, the metal oxide inside the
matrix must be stable [15,16]. The incorporation of metal-oxide nanoparticles into solid
devices is not straightforward [15,16] when produced via a solution phase method, as the
solid-state isolation of the nanoparticles usually causes nanoparticle agglomeration [17-20].
Thus, the incorporation of metal-oxide nanoparticles generated directly from a solid-state
approach appears to be the most reliable method.

A schematic representation of the macromolecular precursors is shown in scheme 1.
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Scheme 1: General representation of complexes of polymer-metal structure.



The use of the photo-catalysts for environmental remediation is attracting much interest in
recent years, as air and water pollution are possibly the major environmental risks to human
health. In this sense, a wide number of novel approaches are being under continuous
development, including for example polymeric graphitic carbon nitride (g-C3Ng)-based
semiconducting nanostructured materials [21], Cu2S@TiO2 core-shell nanostructures [22],
Co-doped ZrO2 nanoparticles [23] or graphite-TiO, nanoparticle composites [24]. On the
other hand, supported precious metal or metal oxides catalysts are widely used in industrial
catalytic processes due to their superior catalytic performance [25,26]. Thermal
deterioration including metal sintering is a primary cause for catalyst deactivation,
especially under severe oxidizing atmosphere. A widely used support matrix for precious
metal or metal oxides catalysts is silica [27]. In this work, we propose a reliable method to
prepare nanoparticles of 1rO, included in SiO,. The addition of SiO, matrix was chosen not
only for improving photocatalysis, but also for facilitating their synthesis. In any case, it
was previously reported that the combination of SiO, with other photocatalysers such as
TiO, can improve photocatalytic activity in the long term, and especially hydrophilicity
[28,29]. An additional advantage is that the addition of SiO, also restricts the grain growth
of metal oxide particles [30]. Stable nanocomposites (IrO,)//SiO, are obtained by a high
temperature thermal treatment of the solid precursors Chitosane(IrCl3),//SiO, and PS-co-
4-PVPe(IrCl3),//SiO,, as seen in scheme 2.
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Scheme 2: General representation of the inclusion of the Ir, nanostructured metal oxide into
SiOs.

2. Experimental

Chemicals: Chitosan (low molecular weigt ) IrCI3, PSP-4-PVVP ( with 10 % of pyridine
groups), TEOS (98 %) were purchased from Sigma-Aldrich (St. Louis, US) and used as
received. Dichloromethane (for analysis) and acetic acid (analytical grade. 99%) purchased
from Merck (Darmstadt, Germany) were used as received. H,O nanopure was obtained
from distillated water, which was purified using a SG Labostar 4DI apparatus.

Preparation of complexes of polymer-metal: In 20 ml dichloromethane, a stoichiometric
amount of the polymer (1:1 polymer:complex) and 0,40 g of metal complexes were added.
The heterogeneous mixture was stirred at room temperature for 8 days. The as obtained
solid was washed with dichloromethane and dried under vacuum during 3 hours. Additional

details are given in Table 1 of the Supplementary Material.

Pyrolysis: The polymer-metal complexes were placed into a box furnace (lab tech) using a
temperature program of pyrolysis at 800 °C.



Preparation of complexes of polymer-metal//Silica: In 20 ml dichloromethane, a
stoichiometric amount of the polymer (1:1 polymer: complex) and 0,40 g of metal
complexes were added. The heterogeneous mixture was stirred a room temperature for 8
days and then silica sols were added. This was prepared by mixing TEOS (Tetraethyl
orthosilicate), acetic acid and H,O mili-Q (1:4:4 TEOS: Acetic Acid: H,O) at room
temperature under stirring for 5 hours. The resulting gel was dried in a vacuum-oven at 80
°C and then calcined at 800 °C. Additional details are given in Table 1 of the
Supplementary Material. The composition of the as obtained nanostructured materials are

shown in Table 1

$?6?I:jes,lcolor and composition of the pyrolytic products from the respective precursors.
Precursor Formula Yield (%) Color Composition
Polymer
1) PS-co-4-PVPe(IrCl3), 53 black IrO;
(@) Chitosane(IrCl3), low black IrO,
(3) PS-co-4-PVPe(IrCl3),//SiO; 67 grey IrO,/SiO;
4 Chitosane(IrCl3),//SiO, 68 grey Ir0, /SiO,

Characterization: TG/DTA analyses were performed on a TGA 4000 Perking Elmer
analyser. Scanning electron microscopy (SEM) was performed on a JEOL 5410 scanning
electron microscope. Elemental microanalysis was performed by energy dispersive X-ray
analysis using a NORAN Instrument micro-probe attached to the SEM. High-Resolution
Transmission Electron Microscopy (HR-TEM) was performed using a JEOL 2000FX TEM
microscope at 200 kV to characterize the average particle size, distribution and elemental
and crystal composition. The images were analysed using the Digital Micrograph software.
Methylene Blue (MB) was used as a model compound to test the photocatalytic properties
at 655 nm under UV-Vis illumination using a xenon lamp (150W) positioned 20 cm away
from the photoreactor in a range 330-680 nm at room temperature, to avoid the self-

degradation and thermal catalytic effects of cationic MB dye.



3. Results and Discussion

The presence and the degree coordination of the IrCl; to the polymer backbone were
performed by TG analysis under air. The pyrolytic residue corresponds to IrO,. By mass
difference and comparing with the macromolecular complex with a 100 % coordination, the
estimated coordination degree values are 82% in 1 and 92% for 2. TG analysis confirmed
the presence of both Chitosan and PS-co-4-PVP slightly modified by coordination of the
IrCl3, see S2 in Supplementary Material. Additional characterization including UV-visible
diffuse reflectance and Band gap analysis can be found in supplementary information S7.

XRD patterns of the as prepared IrO, from both precursors are shown in figure 1. For both
polymer templates, it can be observed from the XRD patterns that only pure IrO, single
phase was obtained, in concordance with other different preparation methods [5,6]. In
addittion, it was found that when the pyrolysis was made in a a poor oxygen atmosphere, a

mixture IrO,/Ir was obtained.

SEM analysis for the pyrolytic product from PSP-4-PVPe(IrCls)x is shown in figure 2 (a)
and (b), indicating a porous morphology. Interestingly, this porous structure has not been
previously reported [4-10]. When chitosan is used as precursor, similar morphology,

although slightly denser was observed, as seen in figure 2 c,d.
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Fig. 1 XRD patterns of IrO, obtained from precursors: a) Chitosane(IrCls)x b) PSP-4-
PVP.(II‘C13))(,



Fig. 2 SEM image for the IrO,-PVP sample, a) and b); IrO,-Chitosan sample c) and d)

A linear EDS scanning (figure 3) was performed to corroborate the presence of Ir (blue)
and oxygen (green), which id consistent with IrO,. This experiment also confirms the
homogeneity of the sample. In addition, the presence of carbon (red in figure 3d and 3h) is
associated to carbon traces from an incomplete carbonization of the respective template

polymer.

HR-TEM analysis of the as obtained IrO, material from both chitosan and PVP precursors
corroborate their crystalline structure, as shown in figure 4. Typical particle sizes are about
10-30 nm and 20-50 nm, for the chitosan and the P\/P precursor, respectively. For example,
interplanar distance of the 110 and 101 planes can be observed in figure 4a and 4b,

respectively.

Similar results were obtained for the IrO, material obtained from the PVP precursor, where
interplanar distance of the 110 plane can be observed in figure 4c. In addtion, an inset with
the FFT is shown in figure 4 d, which corresponds to the [111] direction. Those resutls are



very relevant, as HR-TEM images were not previously reported for IrO, prepared from
different solution methods [4-8].
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Fig. 3 Linear EDS scanning of iridium: (b) and (f); oxygen: (c)na{hd (9); and carbon d) and
h) for the pyrolytic product from PSP-4-PVPe(IrCls)x (a)-(d) and Chitosane(IrCl3)x (€)-(h),

respectively.
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Fig. 4 HR-TEM of IrO2 particles from both Chitosan (a) and (b) and PVP (c) and (d)

precursors.

In addition to the limitation about the preparation methods, all in solution, for IrO;, [11],
more limited are those for composites with SiO,. In this work, we propose the
incorporation of IrO, into SiO, gels by using the macromolecular Chitosane(IrCl3)x and
PSP-4-PVPe(IrCl3)x precursors, The phase purity of the IrO,//SiO, products was
characterized by X-ray diffraction. For 1rO,//SiO, produced from the chitosan precursor,
the XRD pattern observed in figure 5 presents a broad main peak of amorphous silica
around 6 = 21° [32-34] and the typical diffraction peaks of 1rO, [5,6]. Similar XRD pattern

diffraction was observed for the PVP precursor.
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Fig. 5 XRD pattern of IrO,//SiO, from Chitosane(IrCls)x //SiO,

TEM images for the 1rO,//SiO, sample obtained from the chitosan precursor are shown in
figure 6 (a and b), where typical bar nanoparticles joined to the SiO, matrix can be
observed. A similar morphology, although more randomly distributed can be observed for
the 1rO,//Si0, nanocomposite obtained from the PVP precursor (see figures 6 ¢ and d).
Selected area diffraction pattern (SAED) analysis confirmed that the bar nanoparticles
correspond to IrO,. In addition, EDS analysis was also performed in these particles
showing the presence of IrO, and in some cases the SiO, matrix, as shown in figures 6 f
and h.



0.252nm 101irO,




Fig. 6. HR-TEM analysis of IrO,//SiO, obtained from the Chitosan (a)-(b)-(e) and PVP
precursors (c)-(d)-(g). SAED patterns (e)-(g) and EDS analysis is also shown, which

corresponds to the marked areas in figures (e) and (g).

Additional information about the uniform distribution of the IrO, nanoparticles inside silica

was obtained by EDX mapping from SEM images, as shown in figure 7 for IrO,//SiOs.

0 Kol Si Kal Ir Lal

Fig. 7 EDX-elemental mapping of IrO, nanoparticles inside silica from precursor
Chitosane (IrClz)x //SiO; (a) and PSP-4-PVPe(IrCls )x //SiO; (b) precursors.

Photocatalytic behavior of 1rO;

Methylene blue (MB) is one of the extensively used organic dyes in coloring paper,
temporary hair colorant, dyeing cotton and coating for paper stock [36, 37], and the state of
the art photocatalyst material is based on TiO2 [38]. In this work, we have used this dye as
a model dye to assay the photocatalytic properties of IrO,. The removal of this hazardous
dye is considered as one of the growing needs in recent years. The photocatalytic
experiments were carried on the IrO, catalyst with defined concentrations under dark
conditions and with UV irradiations in attempts to prove their efficiency. The absorption

spectra vs time of the Ir oxides are shown in supporting information S3. Additional



information about the amount of adsorbed methylene blue before the photocatlytic process,

and the effect of pH and cycle tests can be found in supporting information S8.

IrO, is a well-known electrically conductive material [4] and then it could have
photodegradation properties in the UV range, as well as in the visible range. However, to
the best of our knowledge, there is no report on their photocatalytic activity. The only
related studies are those about the catalytic reduction of 4-Nitrophenol [9] and the
electrochemical catalytic activity toward oxygen evolution [7]. The typical MB degradation
rate for the IrO, obtained from both chitosan and PVP precursors are shown in figure 8 (a).
IrO,-PVP sample exhibits a better photocatalytic activity (57 % photodegradation in 300
minutes) than the 1IrO,-Chitosan (38 % photodegradation in 300 minutes). This effect was
associated to the more porous morphology of IrO,-PVP sample, as previously discussed by
SEM/TEM. In addition, the photocatalytic reaction of the IrO,-Chitosan sample followed a
first zero order kinetic as shown in figure 8 (b). A similar behavior was observed for the
IrO,-PVP sample (Supporting Information, see figure S4).
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Fig. 8 (a) Normalized concentration changing of MB without catalyst, in presence of IrO,
from the PSP-4-PVPe(IrCl3)x and in presence of Chitosane(IrCls)x. (b) Normalized

concentration changing of MB (C/Cy) vs. the irradiation time.

Photocatalytic behavior of 1rO,/SiO, composites



In order to compare the photocatalytic activity of IrO, with and without SiO, we have
measured the degradation of methylene blue with IrO,/SiO,. Figure 9 shows the
degradation plots of C/cy vs time for both composites observing a 53 % and 54 % MB
degradation for PVP and chitosan, respectively. This activity is very similar to the one
previously reported without inclusion of 1rO, inside silica. These finding indicates that the
SiO, matrix do not significantly changes the morphology of the IrO, nanoparticles. In
addition, S5 shows the absorption spectra vs time of the 1rO,/SiO, composites, and the
kinetic and absorbance of methylene blue vs of time is also given in the supplementary
material (S6).
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Fig. 9 Normalized concentration change of MB without catalyst, in presence of IrO,/SiO,-
PVP (a) and in presence of IrO,/SiO,-Chitosan (b).

Table 2 summarizes the kinetic data for the degradation of MB with 1rO,-PS-4-PVP, IrO,-
Chitosan, and IrO,/SiO,--PS-4-PVP, IrO,/SiO,-Chitosan. As there are no previous literature
reports for photodegradation of MB with 1rO, and IrO,/SiO, materials, a direct comparison
is not possible. As reference, about 54% of MB was degraded after 120 min using identical

conditions for commercial TiO, (Degussa P25) [38].

In addition, as observed from figure 9, it is observed that the IrO2/SiO2-chitosan compound
presents higher percentages of degradation. However, its photodegradation rate constant is
not proportional to this value. This observation could explain that the first order observed

behavior indicates that the speed of the process is determined by the dynamic adsorption



equilibrium on the photogenerated active sites in the catalyst, which at low concentrations
of the adsorbate (dye) depends only on the concentration in the solution. This is a constant
of apparent speed since the process is intrinsically second order, involving both the
concentration of dye and the active sites in the catalyst. Under the conditions in these
experiments, the concentration of active sites is a constant (independent of what happens in

solution), which is included in the observed rate constant.

Table 2: Kinetic data for the photodegradation process of MB with IrO, and IrO,/SiO,,

Photocatalyst Photodegradation rate Discoloration R? Linear fit (%)
constant k (10°M-min™) rate (%)
IrO,-PS-4-PVP 1,7 53% 0,995
IrO,-Chitosan 2,4 38% 0,991
IrO,/Si0O,-PS-4-PVP 2,5 53% 0,990
IrO,/SiO,-Chitosan 1,7 54% 0,991

Formation mechanism

In order to give some insight about the formation mechanism of the nanostructured IrO,
we believe that materials from both precursors can be proposed using the mechanism of
formation of nanostructured metallic materials from the oligomer precursor
{NP(OC3H12)2(0C6H4PPh2-Mn(CO)z(T]S-C5H4Me)2}n [39]. A schematic representation of
this process is provided in figure 10. Briefly, the first step on heating involves the
formation of a 3D network to produce a thermally stable matrix. This step is crucial because
it offsets the sublimation. The first heating step could involve a cross linking of the
chitosan or PSP-4-PVP polymer giving a 3D matrix containing the IrCls, compound linked
to the polymeric chain. The following steps could involve the starting of the organic
carbonization, producing holes where the nanoparticles begin to nucleate. As it was
confirmed in earlier studies [12, 30], the IrO,, grow over layered graphitic carbon host

which is lost near to the final annealing temperature ie. 800 °C.
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Fig. 10 Schematic representation of the proposed mechanism of formation of the metal
oxide nanoparticles. MX, represent the general formula of the metallic salt coordinated to
the Chitosan polymer and }}}}}}} represent the polymeric Chitosan. The temperature are

referential general values.

As for the incorporation of IrO, into SiO, matrices, no studies have been previously
performed. We believe that SiO, is formed during the step of the formation of the
Chitosane(IrCl3)x and PSP-4-PVPe(IrCl3)x precursors, right after the incorporation of the
TEOS(Si(OC3Hs)4) in solution under hydrolysis conditions (see experimental section).
Possibly, hydrolyzed rests such as Si-OC,Hs are forming solid precursors with a formula
similar to Chitosane(IrCl3)x(SiO2)y(Si-OC;Hs)y-z  and  PSP-4-PVPe(IrCls)x,  were
(SiOL)y(Si- OC,Hs)y-z presents z anhydrous groups. These precursors form IrO, remaining

inside the SiO, matrices, after their subsequent pyrolysis, as previously described.

4. Conclusions

A general solventless method using the easily synthetized precursors Chitosane(IrCl3)x and
PSP-4-PVPe(IrCl3)x affords the nucleation of 1rO, nanoparticles. Incorporation of these
metal oxide into SiO, matrix was achieved using a thermal treatment of the chitosan and
PVP precursors, in order to give the 1rO,//SiO, composites. This composite was prepared
for the first time. For all the composites, a regular distribution of the respective IrO;
nanoparticles inside SiO, was observed. Photocatalytic degradation of MB using IrO, was
measured for the first time, founding a moderate activity, observing no significant effect
from both precursor studied polymers. Similar moderate photocatalytic activity was found

for the 1rO,//SiO, composites. A possible future direction of the work involves the inclusion



of nanostructured IrO2 inside other matrices such as TiO2 and Al203, with the purpose to
investigate the matrix effect on the optical and photodegradation properties. In addition, the
idea is also to demonstrate the photodegradation properties of iridium oxide toward other

dye contaminants as methyl orange.
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