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Abstract
A mixture of a nanostructured Rh/RhO2 phase was easily obtained by thermally treating the macromolecular Chitosan·(RhCl3)x 
precursor, while the Rh/Rh2O3 phase was obtained by pyrolyzing PSP-4-PVP·(RhCl3)x, precursors. The nature of the 
polymeric precursor acting as a solid-state template does not significantly influence the “foam-like” morphology of the Rh/
RhO2 and Rh/Rh2O3 nanoparticles. The size of the obtained products is within the range of 16 nm, as confirmed by HRTEM. 
A possible formation of the Rh/RhO2 and Rh/Rh2O3 nanoparticles is proposed. The bandgap values estimated from Tauc 
plots are 3.7 eV, and 3.0 eV for Rh/RhO2 and Rh2O3, respectively. Their photocatalytic activity was measured, for the first 
time, using a methylene blue pollutant, achieving a photodegradation of 78% for Rh/RhO2 and 70% for Rh/Rh2O3 in 300 min.

1  Introduction

From the precious metals of the periodic table, the Ir, Rh 
Pd, and Pt are the most catalytically active [1], and their 
activity is hugely enhanced at the nano-level [2, 3]. Among 
these, rhodium plays an essential role in several catalytic 
applications [4, 5]. However, the catalytic mechanism of 
rhodium materials is still elusive. Recent investigations sug-
gest that the active centers could be in rhodium oxide rather 
than rhodium [5, 6], and the most common rhodium oxides 
are Rh2O3 and RhO2. Although they have a wide range of 

applications in catalysis, scarce preparation methods of 
nanostructured Rh2O3 and RhO2 have been reported, and 
their morphological and size control remains poorly known 
[4, 5, 7–9]. All the described Rh2O3 preparation methods 
are solution-based and solid-state methods that have not 
been reported yet. For instance, Rh(NO3)3 [7, 8], usually 
produces Rh oxides leading to RhO2 and RhO2 mixtures. 
Different mixtures can be obtained based on the thermal 
treatment temperature [8]. A mixture of α-and β-Rh2O3 can 
be obtained by heating to 797 °C, while a further increase up 
to 1000 °C is required to obtain pure β-Rh2O3 [8]. Besides, 
Rh2O3 nanosheet assemblies have been prepared by oxidiz-
ing ultrathin Rh nanosheet with HClO4 [5]. Finally, Rh oxide 
nanofibers have been also prepared using electrospinning 
procedures [4].

In this study, we report the first general solid-state method 
to prepare Rh/Rh2O3 and Rh/RhO2 nanostructured materi-
als [10–12]. Regarding the possible application of these Rh 
metal oxides, the first step is usually their incorporation into 
solid matrices. Additionally, considering that these nanopar-
ticles will be used in real solid devices involving high-tem-
perature procedures, the metal oxides inside the matrix must 
be stable [13, 14]. In this sense, the incorporation of metal-
oxide nanoparticles into solid devices is not straightforward 
when they are produced via a solution-phase method [13, 
14], since the solid-state isolation of nanoparticles usually 
causes agglomeration [15–18]. Thereupon, the incorpora-
tion of metal-oxide nanoparticles generated directly from a 
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solid-state approach appears to be the most reliable method. 
Thus, both nanostructured materials (Rh/Rh2O3 and Rh/
RhO2) obtained by the described solid-state method, could 
be potentially a better catalyst than the isolated Rh or the 
Rh2O3 and RhO2 oxides [5, 6].

A representation of the general method to prepare nano-
structured Rh/RhO2 and Rh/Rh2O3 is shown in Scheme 1.

2 � Material and Methods

2.1 � Preparation of Polymer–Metal Complexes

In 20 ml dichloromethane, a stoichiometric polymer amount 
(1:1 polymer:complex) and 0.40 g of metal complexes were 
added. The heterogeneous mixture was stirred at room 
temperature (RT) for 8th days. The obtained solid was 
washed with dichloromethane and dried under vacuum 
for 3  h. Pyrolysis: The polymer-metal complexes were 
pyrolyzed in a box furnace (lab tech) at 800 ºC. Additional 
details of the experimental procedures are given in Table 1 
of Supporting Information S1.

2.2 � Characterization

IR spectra were recorded using an FT-IR Perkin-Elmer 2000 
Spectrophotometer. Scanning electron microscopy (SEM) 
was performed on a JEOL 5410 scanning electron micro-
scope. Elemental microanalysis was performed by energy 
dispersive X-ray analysis (EDS) using a NORAN Instru-
ment micro-probe attached to the SEM. High-Resolution 
Transmission Electron Microscopy (HR-TEM) was per-
formed using a JEOL 2000FX TEM microscope at 200 kV 

to determine the average particle size, distribution, elemental 
composition, and crystallinity of samples. The average par-
ticle size was calculated using Digital Micrograph software. 
30 ml of a 1 × 10–5 M methylene blue (MB) solution was 
used to assess the photocatalytic activity of composites. The 
same mass amount (5.6 mg) was analyzed for each sam-
ple. Irradiation was performed with a 300 W xenon lamp 
model 6258 (incident light intensity of 1250 mW/m2) and 
was measured with a pyrometer. The distance between the 
lamp and the suspension was 16 cm. The MB concentration 
for each sample was determined by UV–Vis spectrophotom-
etry. Specifically, the maximum absorbance intensity cor-
responding to the lowest energy peak of the methylene blue 
characteristic spectrum at 664 nm was measured. The pho-
tocatalytic efficiency of the products was expressed as the 
degradation percentage variation regarding the irradiation 
time. The thermal gravimetric analysis was performed on a 
Perkin Elmer TGA 4000 instrument. Samples were heated at 
a rate of 10 °C/min from room temperature to 800 °C under 
constant nitrogen or air flow (20 ml/min).

3 � Results and Discussion

The presence and coordination degree of RhCl3 to the 
polymer backbone was performed by thermogravimetry 
analysis (TG) under air (see Supplementary Information 
S2). The pyrolytic residue corresponded to Rh/RhO2 
from the Chitosan·(RhCl3)x precursor (chitosan from now 
on), while the one for the PSP-4-PVP·(RhCl3)x precursor 
(PVP from now on) yielded Rh/Rh2O3. The coordination 
degree was estimated by mass difference compared with the 
macromolecular complexes with 100% coordination. Values 

Scheme 1   General representa-
tion of the Rh/RhO2 and Rh2O3 
preparation
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were 82.2% and 80.8% for the chitosan and PVP precursors, 
respectively. As a consequence, TG analysis confirmed the 
presence of both precursors slightly modified by the RhCl3 
coordination. For the chitosan precursor, the weight loss at 
213 °C was assigned to the NH2, CH2OH, and OH groups 
decomposition (carbonization) to the main carbon ring of 
the chitosan. On the other hand, the weight loss at 540 °C 
was assigned to the decomposition of the chitosan carbon 
skeleton. Both weight losses were modified to temperatures 
lower than the free chitosan due to the polymer’s 
coordination, which decreased the thermal stability as it is 
usually observed in these kinds of compounds. Exothermal 
processes accompanied these two main weight losses (see 
exothermal peaks at 213 °C and 540 °C). Conversely, the two 
main peaks at 340 °C and 456 °C for the PVP precursor (see 
Supplementary Material S2, B) were assigned to the weight 
loss of the pyridine and styrene groups decomposition, 
respectively. Again, these peaks appeared at temperatures 
lower than the free precursor without the coordination metal, 
at 388 °C, and 513 °C, respectively.

XRD patterns of the pyrolytic product from the chi-
tosan precursor indicated a mixture of Rh/RhO2 phases, 
as observed in Fig. 1a). Usually, Rh oxides mixtures are 
obtained, as Saric et al. reported different RhO2/Rh2O3 
mixtures based on the annealing temperature [7, 8]. Kibis 
et al. also studied Rh/RhOx mixtures [9]. Furthermore, we 
obtained Rh/Rh2O3 phases (orthorhombic) using the PVP 
precursor (see Fig. 1b), and the Rh2O3 XRD pattern was 
consistent with JCPDF 00-043-0009.

SEM experiments were performed to characterize the 
morphology and size of particles. For the Rh/Rh2O3-PVP 
sample, a porous structured morphology was observed, 
with agglomerated particles ranging from 250 to 500 nm, as 
shown in Fig. 2a, b. Finally, a similar behavior was observed 
for the Rh/RhO2-Chitosan sample, although in this case, the 

agglomerated particles seemed smaller (100–300 nm), as 
shown in Fig. 2c, d. These morphologies were not observed 
for Rh2O3, which was obtained from different solution prepa-
ration methods [4, 5, 7–9].

HR-TEM analysis was also performed, as shown in Fig. 3. 
An image of the Rh/Rh2O3 sample from the PVP precursor 
is shown in Fig. 3a. Typical particle sizes are ranging from 
5 to 40 nm with a mean size of 16 nm according to histo-
gram showed in Supplementary Material S3. Crystallinity 
was also confirmed by the interplanar distance observed in 
Fig. 3b (0.352 nm assigned to the 200 plane). As for the 
chitosan precursor, Rh/RhO2 particles can be observed 
in Fig. 3c, with particle sizes ranging from 10 to 20 nm. 
However, it was not possible to acquire HR images for the 
Rh/Rh2O3 sample using the PVP precursor, as most of the 
particles formed agglomerates. In any case, EDS analysis 
confirmed the presence of both rhodium and oxygen, which 
is consistent with XRD’s Rh/RhO2 mixtures.

3.1 � Photocatalytic Activity of Rh/RhO2 and Rh2O3 
Materials Towards the Blue Methylene Pollutant

The main applied field of metallic Rh and rhodium oxides 
(RhO2 and Rh2O3) is for developing electrocatalysis appli-
cations, including CO oxidation, H2O2 oxidation, and N2O 
decomposition [5]. However, the photodegradation of pollut-
ants using these Rh oxides have not been reported yet. Only 
a few works reported the Rh2O3 bandgap [19–22]. Accord-
ing to these studies, they agree that this value—estimated 
by the Tauc method—is within the range of 3.0 eV for Rh/
Rh2O3. However, no estimation was reported for Rh/RhO2. 
In this research, we calculated a value of 3.7 eV for our 
mixed Rh/RhO2 phase, as described in Supplementary Mate-
rial S4. This value suggests a photocatalytic activity in the 
visible region toward dyes pollutants [23]. The deactivation 
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Fig. 1   Rh/RhO2 XRD pattern obtained from precursors: a Chitosan·(RhCl3)x, and b Rh/Rh2O3 from PSP-4-PVP·(RhCl3)x
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of methylene blue (MB) dye using both Rh/RhO2 and Rh/
Rh2O3 phases was studied under visible irradiation. Fig-
ure 4a shows the typical MB degradation rates with the pyro-
lytic products from both Chitosan and PVP precursors. The 
Rh/RhO2 sample exhibited a better photocatalytic activity 
(78% photodegradation in 300 min) than the Rh/Rh2O3 (70% 
photodegradation in 300 min). The photocatalytic reaction 
of both compounds followed a first zero-order kinetic, as 
shown in Fig. S5a and b in Supporting Information. Finally, 
Supporting Information S6 shows the absorption spectrum 
of the MB solution at different degradation times for both 
Rh/RhO2 and Rh/Rh2O3 compounds.

The photocatalytic activity of Rh/RhO2 and Rh/Rh2O3 
nanoparticles toward the methylene blue degradation are 
lesser than TiO2 and Fe2O3 nanostructured materials, higher 
than ReO3, IrO2, and ThO2, and just like NiO, as shown in 
Table 1. These results can be related to their bandgap values. 
Incidentally, an appropriate photocatalyst should work in the 
visible light region (420 nm < λ < 800 nm) with a bandgap 
near 3 eV. This outcome can explain the relatively-low 
photocatalytic activity for ThO2, for instance.

3.2 � Probable Formation Mechanism

Some insight about the formation mechanism of the nano-
structured Rh metal oxides (from both precursors) can be 
proposed using the formation mechanism of nanostructured 
metallic materials from the oligomer precursor NP(OC8H12)2 
(OC6H4PPh2-Mn(CO)2(η5-C5H4Me)2}n [24]. A schematic rep-
resentation of this process is provided in Fig. 5. Briefly, the 
first step (heating) would be the formation of a 3D network to 
produce a thermally stable matrix. This step is crucial since 
it offsets sublimation. The first heating step could involve a 
cross-linking of the Chitosan or PSP-4-PVP polymer, giving 
a 3D matrix containing the RhCl3 compound linked to the 
polymeric chain. The following steps could include the begin-
ning of the organic carbonization, producing holes where the 
nanoparticles begin to nucleate. As confirmed in earlier stud-
ies [10, 24], RhO2 and Rh2O3 oxides, and the Rh grow over 
a layered graphitic carbon host, which is lost near to the final 
annealing temperature, i.e., 800 °C. 

Fig. 2   SEM image for the Rh/Rh2O3-PVP sample (a), (b); Rh/RhO2-Chitosan sample (c) and (d)
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Fig. 3   a TEM image showing Rh/Rh2O3 particles from the PVP 
precursor; b HR-TEM of a Rh2O3 particle from the chitosan precur-
sor showing an interplanar spacing of 0.352 nm (200 plane); c TEM 

image showing agglomerated RhO2/Rh particles from the chitosan 
precursor. d EDS of the previous image confirming the presence of 
Rh and oxygen
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4 � Conclusions

For the first time, a solid-state control of the oxides 
RhO2, Rh2O3 phase as well as metallic Rh was observed 
through the polymer involved in the precursors: a 
mixture of the nanostructured Rh/RhO2 phase from the 
chitosan·(RhCl3)X precursor and the Rh/Rh2O3 from 
the PSP-4-PVP·(RhCl3)X, precursor. The nature of the 
polymeric precursor, acting as a solid-state template, did 
not significantly influence the “foam-like” morphology 
of the Rh metal oxide products. Recently, this solid-state 
synthesis strategy has been successfully used for doped 
nanostructured lanthanide oxides [29]. The Rh/RhO2 and 
Rh/Rh2O3 materials, with 3.7 eV and 3.0 eV bandgaps, 
respectively, exhibit high photodegradation efficiency 
toward methylene blue tested for the first time for these 
rhodium oxides.
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