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Abstract: In the present work, N-TiO,_ /Pt was synthesized using a homemade nitrogen plasma (AC)
discharge system. The overall procedure use of low-power nitrogen plasma (100 watts) with 1 and 2 h of
plasma discharge to successfully impregnate platinum nanoparticles on P25 titanium dioxide. The obtained
samples were characterized using X-ray diffraction (XRD), UV-Vis diffuse reflectance spectroscopy (DRS),
X-ray photoelectron spectroscopy (XPS), and high-resolution transmission electron microscopy (HRTEM).
The results reveal the incorporation of metallic Pt up to 2.9% on the surface of TiO, by increasing the
duration of plasma discharge by up to two hours with a constant power of 100 watts. Likewise, the
incorporation of nitrogen atoms into a lattice crystal was also favored, confirming a direct relationship
between the amount of Pt and nitrogen atoms introduced in TiO; as a function of the duration of plasma
treatment. By characterizing nanoparticles loaded on a N-TiO,_ /Pt surface, we show that joined platinum
nanoparticles have two different patterns, and the boundary between these two regions coalesces. The
results demonstrate that the use of nitrogen plasma to impregnate platinum nanoparticles on the surface
of TiO, to obtain N-TiO,_, /Pt allows wide and relevant physics and chemistry applications.

Keywords: plasma; nanoparticles; metal-decorated; N-doped TiO,; chemical deposition

1. Introduction

In recent decades, due to the optical properties, chemical stability, and great oxidizing
potential of catalysts based on TiO,, numerous studies have been carried out regarding
the production of these materials [1-5]. Their photocatalytic properties have successfully
enabled the elimination of pollutants in water flows and air [6-8] through reactions induced
by photogenerated electron-hole pairs occurring on the TiO; semiconductor surface [9].
Such capabilities have generated great interest in TiO, compounds. However, because the
absorption range of TiO; is restricted to the UV region of the electromagnetic spectrum,
the photonic efficiency of this material is less than ~10% [10]. To improve the activity and
photocatalytic performance of TiO,, different strategies have been used, such as nonmetallic
doping (especially with nitrogen) and transition metal impregnation, including Au, Ag,
Cu, and Pt, on the titanium dioxide surface, which act as photogenerated electron traps [3].
The methodologies that have been used for metal impregnation on TiO; are varied, which
are also dependent on the metal to be impregnated. For instance, chemical deposition and
liquid impregnation have been successfully applied to deposit silver (Ag-NPs) or platinum
nanoparticles (Pt-NPs) using AgNO3 and H,PtCls compounds as metal precursors, respec-
tively [11-13]. In another study, a postdeposition method was used to obtain TiO,/Au by
impregnating gold nanoparticles (Au-NPs) from a colloidal solution of Au using HAuCly as
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a metal precursor [14]. Likewise, the flame spray pyrolysis process (FSP) has demonstrated
its versatility for incorporating monovalent fluoride into the crystalline lattice of titanium
oxide in the production of F-doped TiO, /Pt. In this case, hydrated hexachloroplatinic acid
was used as a precursor of platinum metal, and hexafluorobenzene was used as a fluorine
precursor [15]. It is noteworthy that investigations using chemical processes for metal
impregnation have made great progress; the excellent and promising results demonstrate
the good synergy of these metals with titanium oxide. Thus, the metal-titania relationship
has opened new areas of research in photocatalysis.

On the other hand, platinum is one of the most promising and active metals for increas-
ing the photocatalytic efficiency of TiO, because it produces the highest Schottky barrier
to facilitate the electrons capture, and therefore the electron-hole pair recombination rate
decreases [16]. Pt-TiO, has been used in many photocatalytic reactions under visible light
irradiation, for example, in the degradation of Rhodamine B, photocatalytic oxidation of
formaldehyde and glycerol [17-19]. Similarly, Pt-TiO, was used for the oxidation-reduction
of benzoic acid [20] and in the degradation of different azo dyes, such as amaranth, sunset
yellow, and tartrazine [13], as well as in redox reactions such as water splitting for the
generation of hydrogen [21]. Pt-TiO, has been achieved mainly by chemical processes,
including the Flame Spray Pyrolysis process (FSP). In this work, we discuss the preparation
of Pt-TiO; applying nitrogen plasma where titanium powder is exposed to the nitrogen
plasma to obtain N-TiO,_ /Pt powder photocatalysts.

In a previous work, it has been demonstrated that argon and nitrogen plasma synthesis
methods have yielded good results for the impregnation of gold and copper particles on titanium
oxide [22,23]. Moreover, this approach has proven to be an effective and environmentally
friendly technology due to the rapid production of compounds without the generation of
chemical byproducts. This new methodology has also been used with great success to induce
phase changes in titanium oxide from amorphous TiO; [24], and to the best of our knowledge,
Pt impregnation on semiconductor materials applying nitrogen plasma are scarce. Taking
advantage of the previous experience of our research group, we explored the feasibility of
producing N-TiO,_ /Pt in a single stage by studying the effect of nitrogen plasma to promote
Pt metal impregnation and nitrogen doping. The characterization of the catalysts obtained
through the XRD, XPS, and DRS studies are presented.

2. Materials and Methods
2.1. Materials

Degussa P25 titanium oxide (Evonik Ind. AG) and a metal foil of platinum (Pt)
with a thickness of 0.025 mm and 99.9% purity (Sigma-Aldrich) were used. The used
working gas was nitrogen with 99.99% purity (Praxair). The methodology for platinum
monometallic impregnation was already reported by R. Trejo-Tzab et al. [22,23], which
consists of covering the lower electrode with the metal to be impregnated: in this case,
Pt foil. Therefore, titanium oxide P25 (200 mg) was dispersed on the Pt foil. A diffusion
pump LABCONCO (Mod 195 A65412906) was used to evacuate the plasma chamber and
to maintain a working pressure of 8.5 x 1072 Torr. A nitrogen flow inside the plasma
reactor was kept at constant pressure, while a discharge was applied between electrodes,
producing nitrogen plasma inside the reactor using a power of 100 watts. The sample was
analyzed after 1 and 2 h of plasma discharge in a “batch” process. However, after one hour,
it was mechanically homogenized in an agate mortar. Thus, N-TiO,_ /Pt samples were
obtained; the experimental setup is shown in Figure 1.
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Figure 1. Schematic arrangement of the plasma system.

2.2. Characterization

Optical emission spectroscopy (OES) was used to follow up the emission of the nitro-
gen plasma at all times during the plasma treatment. The studies were performed with a
Starline UV-Vis spectrophotometer (AvaSpec-3648, Avantes, Apeldoorn, The Netherlands).
The crystal structure of the samples was analyzed using X-ray diffraction (XRD, Bruker
D8 Advance, Billerica, MA, USA) with a Cu ko source (1.5418 A wavelength, operating
at 30 mA). The patterns were recorded in a 26 interval from 10 to 90°, and the diffraction
patterns were analyzed using the ICDD database (International Center for Diffraction
Data, PDF2016). The surface composition and chemical valence of samples was deter-
mined by X-ray photoelectron spectroscopy (XPS) (Thermo Fisher Scientific K-alpha system
with a Ka source, 1400 eV, Waltham, MA, USA). The energy values were calibrated con-
sidering the C 1s signal (284.6 eV). All samples were pretreated during 15 s with argon
to exclude surface impurities. The XPS equipment uses an internal standard to correct
charge variations. Diffuse reflectance spectroscopy (DRS) studies were performed to de-
termine the energy bandgap changes in the samples after the plasma treatments. The
UV-Vis diffuse reflectance spectra were obtained with a Starline spectrophotometer model
AvaSpec-3648 equipped with an integration sphere (AvaSphere-50-REFL, Apeldoorn, The
Netherlands) and a UV-Vis deuterium-halogen light source (AvaLight DH-S-BAL, Avantes,
Apeldoorn, The Netherlands). The shape and particle size were determined by high-
resolution transmission electron microscopy, HRTEM (JEOL, Mod. JEM 2100 operating at
200 kV, Tokyo, Japan).

3. Results and Discussion
3.1. Optical Emission Spectroscopy (OES)

Figure 2 shows the optical emission spectral data of N, plasma. The peaks with the
highest emission intensities, located at 337 nm and 391.1 nm, are due to emission produced
by radiative decay corresponding to the N, molecule and N,* ion emission, respectively.
The electronic state population observed for N, as well as that for the N,* ion, is mainly
due to direct excitation of Ny and N,* from their ground state, produced by impacting
electrons having energies above their excitation threshold. In the emission spectrum, the
intensity of both peaks is proportional to the electron density of N, and N, *. The obtained
emission spectra are in agreement with previous studies carried out by other research
groups, for instance, Qayyum et al. and Abdel-Fattah et al., who reported emission peaks
similar to those found in the present work [25,26].
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Figure 2. Emission spectrum for nitrogen plasma.

3.2. X-ray Diffraction (XRD)

Quantitative analyses of the crystalline phases in the samples, that is to say, the weight
fractions of anatase (%wta ) and rutile (%wtg), were determined by means of Spurr-Meyer’s
method applying the following equation [27]:

1
%wtp = ————— x 100 1)
1+ 1.265(%)
O/OWtR =100 — O/OWtA (2)

where I and IR correspond to the integrated intensities of anatase (101) and (110) rutile
reflections. The same XRD reflections were also used to calculate the average crystallite
sizes applying the Scherrer equation:

092
~ BcosO

®)

where L is the crystal size and corresponds to the average value of the volume-weighted
particle size distribution, A is the wavelength of the X-rays, f3 is the full width in radians
subtended by the half-maximum intensity width of the powder pattern peak which is the
observed FWHM, and 6 is the Bragg angle.

XRD analyses of the monometallic TiO, /Pt sample obtained after 1 h and 2 h (Figure 3)
show that the intensity of the main peaks of anatase (101) and rutile (110) do not present
significant changes after having been subjected to the nitrogen plasma. Likewise, they show
that the crystallinity of P25 TiO, does not change after the plasma treatments. This means
that their composition ratio confirmed using the Spurr-Meyer’s equations remains constant
in a range of 70% anatase and 30% rutile. On the other hand, the average crystalline domain
size of pure P25 TiO, was calculated from the Scherrer equation with a crystallite size of
about 26 + 3 nm, and no significant changes in crystalline size after plasma treatment
were found. Furthermore, through the XRD analysis shown in Figure 3, we can see the
characteristic (111), (200), and (220) diffraction peaks of platinum, which are observed
at 39.7°, 46.0°, and 67.3° (20) values, respectively. These peaks are more intense for the
samples subjected to 120 min of treatment. The insets located in Figure 3a,b show a
deconvolution analysis carried out in the samples, where an additional diffraction peak
was observed at 39.70° (20) and was indexed to the (111) plane corresponding to metallic
Pt. The intensity of this peak was stronger after 2 h of plasma treatment than that obtained
for 1 h, confirming that nitrogen plasma promotes the impregnation of Pt particles on
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the titanium oxide surface. Likewise, the intensity of (200) and (220) diffraction planes
corresponding to Pt were more evident in the XRD pattern after 2 h of plasma processing.
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Figure 3. XRD diffraction pattern of the monometallic samples obtained at (a) 1 h and (b) 2 h
treatment times with nitrogen plasma (A: anatase, R: rutile, Pt: platinum).

3.3. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used to analyze the chemical states of the
elements in samples obtained after plasma treatments. The XPS spectra of Ti 2P are shown
in Figure 4 and exhibit the characteristic Ti 2P binding energies, labeled as Ti 2P3,, and Ti
2Py /, doublets, which are associated with the Ti** valence state on oxygen lattice. A binding
energy shift can be observed in N-TiO,_ /Pt sample after 2 h nitrogen plasma treatment
compared to the standard TiO,; however, no shifting was observed for C 1s peak position
(see inset in Figure 4). An important variation in the position of the band attributable
to Ti(IV) in the Ti-O bond can be observed, when compared to the TiO, spectrum. The
shift to a lower binding energy of Ti 2P3,, detected for N-TiO,_ /Pt can be caused by
nitrogen doping, as shown in the N 1s XPS spectra (Figure 5b). This observation has been
confirmed by other research groups who correlate the shift to a lower binding energy with
substitutional and interstitial nitrogen atoms into the TiO, matrix [28].

On the other hand, the characteristic signals of platinum can be seen in Figure 5a.
The Pt 4f binding energies are observed at 70.68 eV (Pt 4f ;,,) and 74.03 eV (Pt 4f 5,,) and
are ascribed to metallic platinum (Pt’). Moreover, it shows an additional two peaks at
71.16 eV (Pt 4f 7/5) and 75.30 eV (Pt 4f 5/), which suggests the presence of platinum in
its Pt2* oxidation state, which means that PtO is also observed on the TiO, surface, and
in this study, PtO, was not observed. However, in the XRD analyses (Figure 3), platinum
oxide phase was not observed, and they only show metallic platinum (Pt) and titanium
oxide phases; it is likely that the platinum oxide concentration is outside the equipment
detection limit. These results agree with those of other studies carried out by different
research groups that have applied chemical methods for incorporating platinum onto a
TiO, surface; they report the presence of metallic platinum and platinum oxide on the
material [20,29,30].
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Figure 5. XPS spectra of the sample N-TiO,_, /Pt after 2 h nitrogen plasma treatment: (a) Pt and
(b) nitrogen.

Figure 5b shows the nitrogen N 1s XPS spectrum, and a signal at 399.8 eV was observed.
Viswanathan and Krishanmurthy et al. [31] attribute this signal to nitrogen occupying an
interstitial site with a Ti-O-N bond in TiO, doped with nitrogen. This signal has been
confirmed elsewhere, in which it is mentioned that a peak detected in the range from
396 to 404 eV indicates the replacement of oxygen by nitrogen atoms to form N-Ti-O and
Ti-N-O bonds [20,31]. Valentin et al. propose that both substitutional and interstitial doping
generate changes in the UV and UV-Vis optical properties of titania, which are related to
the improvement of catalytic processes [32]. Due to the observed presence of Pt on the TiO,
surface and interstitial nitrogen doping, it is proposed that the material obtained after 2 h
of nitrogen plasma treatment is N-TiO,_ /Pt.

The weight percentage of platinum and nitrogen in TiO,, considering the XPS analysis,
is presented in Table 1. The analysis was carried out on the signals corresponding to N
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1s, as previously demonstrated while studying nitrogen-doped TiO,. The energy binding
value for N 1s was determined at 399.2 +/— 0.2 eV. A mathematical fitting was carried out
for the N 1s signal in the HR-XPS spectrum for the nitrogen-doped TiO, compound, to
calculate their related chemical content. The percentage of platinum metal and nitrogen
increased in the samples when the time of plasma treatment increased up to 2 h, higher
than those subjected to 1 h treatment. Therefore, the Pt and N content was about 80% and
24% higher, respectively, in comparison to that of the samples that underwent 1 h of plasma
treatment. As confirmed by XPS analyses, the increase in both elements is proportional to
the plasma processing time.

Table 1. Weight percent of Pt and N in N-TiO;_ /Pt (XPS analysis).

% Weight
Treatment Time (h) 5
Pt Nitrogen
1 1.6 0.38
2 29 0.47

3.4. Diffuse Reflectance Spectroscopy (DRS)

The reflectance and absorbance spectra of the metal-impregnated samples after 1 h
and 2 h nitrogen of plasma treatments are presented in Figure 6. The diffuse reflectance
UV-Vis spectra (DRS) for the standard (TiO, P25) and for the plasma-treated samples are
shown in Figure 6a. The K/S relation that was obtained from the DRS data was determined
by applying the Kubelka-Munk equation given by the following equation:

K (1-R)?

T @

1oo-a) b) 4
sl & —— Titanium oxide P25 ]
) % ——N-TiO, /Pt (2 h) R
S ——N-TiO, /Pt(1h 1
8 60- o 2Pt Th) g
= e = X
© 8 Red shift
B 5 D
D 404 2 4
o= [0}
o) 2
e 4
20
0 44— v Y
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Wavelength (nm) Band Gap (eV)
(a) (b)

Figure 6. (a) DRS spectra and (b) absorbance spectra after Pt impregnation in TiO;.

The absorbance spectrum of the samples was obtained (Figure 6b), which allowed
us to evaluate the band gap of each sample. The method is based on extrapolation of the
straight line of the UV-Vis spectrum until it intersects with the x-axis of the wavelength or
the band-gap energy (Figure 6). This wavelength intersection defines the band-gap energy
for the semiconductor under consideration as Epg = hc/Ajpt.

Applying this method, one can observe that the nitrogen plasma treatment time
is proportional to the incorporation or impregnation of platinum and nitrogen, which
progressively reduces the bandwidth, as shown in Table 2. Therefore, one can conclude
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that the absorption of photons is related to the impregnated or incorporated amount of
Pt /nitrogen on the crystalline lattice of the sample’s surface, resulting in lower energy
absorption.

Table 2. Band gap of N-TiO,_ /Pt samples considering different treatment times and 100 watts of power.

P25 TiO,/Pt
Power 100 watts
Time 1h 2h
Band Gap (eV) 3.28 3.23 3.17

3.5. High-Resolution Transmission Electron Microscopy (HRTEM)

HRTEM images of the samples are shown in Figure 7. The Pt nanoparticles were found
successfully dispersed on the titanium oxide surface (Figure 7a). Therefore, a statistical
analysis was performed by measuring the nanoparticles size from the HRTEM images.
Thus, a histogram of the particle size distribution of Pt NPs in the N-TiO,_ /Pt composite
(Figure 7b) shows a narrow distribution in the range of 2-8 nm. Platinum NPs, with an
average diameter of 5.0 nm, are well dispersed on the TiO; surface.

Average 5.0 nm

Count

1 2 3 4 5 6 ; é 9
Particle size (nm)

(®)

_*Region |
" Hexagonal

Nanoparticle
Coalescence

(d)

Figure 7. Transmission electron microscopy of platinum nanoparticles: (a,b) monodispersed platinum
nanoparticles in the 2-8 nm range; (c) Pt nanoparticles in coalescence region; (d) zoom-in image of
Figure 7c and the yellow square showing the boundaries.

HRTEM images reveal lattice fringe spacings corresponding to the Pt (111) plane.
The interplanar spacing of the lattice fringes was 2.38 A and 2.22 A for Region I and
Region II, respectively (Figure 7c). These results are consistent with the (111) d-spacing
reported by others research groups for metallic Pt NPs [33,34]. It is noteworthy that we
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observed two different crystalline patterns (Region I and Region II). Additionally, it can
be seen that the boundary between these two regions (Figure 7c) is due to the coalescence
induced by the crystallization of Pt nanoparticles. Grammatikopoulos et al. [35] applied
classical molecular dynamics simulations to study the mechanisms driving the coalescence
phenomena. They demonstrated that the driving force for the coalescence is due to the
surface energy minimization associated with dangling bonds density and distribution. On
the other hand, they also observed coalescence-assisted crystallization during the sintering
of amorphous nanoparticles, reporting that the rotation started a seedless crystallization
wave, which propagated through them, leading to near-perfect single or polycrystalline
fcc structures.

Our hypothesis is that the mechanism described above is responsible for obtaining
two platinum crystalline patterns. This nanoparticle was probably left in an intermediate
crystallization state.

On the other hand, Figure 7d shows that the coalescence of a single Pt NPs, due to the
plasma effect, has two different patterns: nano-hexagonal and fcc lattice fringes, suggesting
that the nucleation of the hexagonal platinum crystal is along the [111] direction. Other
researchers have reported having obtained similar symmetries in platinum, silver, and gold
nanoparticles using chemical reduction procedures [34,36,37]. It is known that nucleation
and growth are related to surface energy and growth rate, and their size depends on the
growth rate and directions. The results obtained in the present work must be further
studied to understand the crystallization process so as to be able to control the shape or
size of the metallic nanoparticles by applying an energetic plasma to induce decorated
specific surfaces.

4. Conclusions

The obtained N-TiO,_y /Pt compound was successfully prepared by a novel nitrogen
plasma method. After two hours of treatment, the crystal lattice and surface of TiO,
contained up to 0.47% and 2.9% (wt%) of nitrogen and metallic platinum, respectively. Our
results regarding the energy gap reveal that, under this method of synthesis, the band-gap
value is reduced from 3.28 to 3.17 eV. These results demonstrate the effectiveness of the
proposed methodology to carry out the simultaneous process of impregnating platinum
metal particles on a titania surface and achieving nitrogen doping in a single step. Likewise,
this method allows obtaining different patterns on a single metallic nanoparticle; therefore,
the formation of a hexagonal shape opens a new window for the study of this phenomenon
induced through plasma to obtain effective composite materials. In comparison to other
used techniques to induce metal surface decoration, this method is environmentally safe,
has low energy requirements, and can be carried out in a relatively short period time,
representing a promising approach for the synthesis of N-TiO,_, /Pt catalysts.
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