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This study focuses on the surface structures and microstructural changes of titanium dioxide nanotubes, when
electrochemically coated with platinum and/or palladium. Ti samples anodized in a fluorine-containing electrolyte
exhibit self-organized nanotubes of varying diameters with open pores. Annealing at 773 K led to compaction of
the porous layer, the formation of cracks, and the appearance of corrugation in the nanotubes. The deposition of
platinum produced a transition from a nanotubular surface structure to a microcrystalline structure consisting of
rutile crystallites. The palladium-coated samples showed fused blocks characteristic of titanium suboxides. The
tubular structure was preserved, even after crystallization. SEM images revealed a comb-like pattern in coatings
with varying metal content. XRPD analysis confirmed the presence of anatase and elemental titanium. PdO was
detected on the surface of the thermally treated samples. For samples co-treated with Pd and Pt, mutual diffusion
of the two metals took place during the heat treatment. The findings reveal surface characteristics, metal deposition
effects, and phase composition of titania nanotubes, providing valuable insights for further research.
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Introduction

Titania nanotubes have attracted considerable
attention owing to their use in photocatalysis, treatment of
energy storage wastewater, bioanalytical sensors [1-3],
motivated by their high surface area and unique structure.
They are employed in applications such as water
purification, air purification, self-cleaning surfaces, and
solar cells [4]. TiO2 nanotubes are used in energy storage
devices, particularly in lithium-ion batteries and
supercapacitors, because of their high electrochemical
stability and fast ion diffusion properties [5-7]. Their
unique structure and biocompatibility make them
promising candidates for controlled release systems (drug
delivery) [8]. TiO; nanotubes can act as catalysts, or
catalyst supports, in various catalytic reactions, including
oxidation, hydrogenation, and dehydrogenation processes
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[9]. Their unique properties and versatility make them a
subject of ongoing research and development in numerous
fields.

In the present work we investigate physico-chemical
properties of electrochemically obtained titania nanotubes
coated with a layer of platinum and/or palladium. These
systems, where the matrix is made from nonstoichiometric
titanium oxides and platinum, is an electron donor and can
be promising for use as anode materials [10]. On the one
hand, titanium suboxide materials deposited from
fluoride-containing electrolytes represent a considerable
interest due to their high electrochemical stability and
better mechanical properties, in comparison with coatings
obtained by hydrothermal synthesis or thermal
decomposition of titanium hydroxide. On the other hand,
despite a large humber of publications [11-13], several
issues on surface effects need to be clarified before
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drawing final conclusions concerning optimal conditions
for deposition, and the correlation between type of deposit
and physico-chemical properties.

. Experimental

All chemicals were reagent grade. Suboxides of
titanium were used as a matrix for creating coatings. In
contrast to analogues described in the literature [14, 15],
the investigated coatings were obtained through a two-step
electrochemical synthesis. At the first stage, TiO;
nanotubes were formed by two-fold anodic polarization of
metallic titanium. At the second stage, these nanotubes
were partially reduced through cathodic polarization,
resulting in the formation of titanium suboxides of
different compositions. The original TiO, nanotubes were
prepared by anodizing Ti foil in ethylene glycol with
0.3 wt.% ammonium fluoride and 2 vol.% water at a
constant potential for 3 h (1% anodization), followed by
anodizing in ethylene glycol with 5wt.% H3PO, (2™
anodization). The reduction was conducted in 1 M HCIO4
for 1h (electrochemical reduction). This approach
enabled the creation of a porous surface on the matrix,
suitable for subsequent electrodeposition of catalytic
layers of platinum and/or palladium. Nitrite electrolyte
was used for the deposition of Pt and phosphate electrolyte
for the deposition by Pd [16]. The amount of platinum and
palladium on the template surface varied from 0.25 to
1.0 mg/cm?. Subsequent heat treatment under variable
partial oxygen pressures allowed for the formation of
composites with different compositions. The high
concentration of cation vacancies and oxygen ion
deficiency in the matrix significantly increased the
mobility of the platinum/palladium atoms during the heat
treatment, resulting in nearly metallic electrical
conductivity. It should be noted that heat treatments at
temperatures above 700 °C led to complete sublimation of
palladium from the surface [16]. In addition, at high
processing temperatures under air, the formation of
titanium nitrides cannot be excluded. These will form
titanium oxide during the anodic polarization [10], which
is undesirable in this work.

The prepared electrocatalysts were observed by SEM
microscopy, and the surface compositions were
determined by means of energydispersive X-ray
spectroscopy (EDXS; scanning electron microscope
TESCAN Vega3 LMU, equipped with an energy
dispersion X-ray analyzer Oxford Instruments Aztec ONE
with a detector X-MaxN20). XRPD data were collected in
the reflection mode on a STOE Stadi P diffractometer with
the following setup: Cu Kas-radiation, curved Ge (11 1)
monochromator on the primary beam, 26/w-scan, angular
range for data collection 24.000-116.625 °26 with an
increment of 0.015°, linear position-sensitive detector
with a step of 0.480 °26, 100-200 s per step, U =40 kV,
I =35mA, T =20 °C. Preliminary data processing and X-
ray qualitative phase analysis were performed using the
STOE WinXPOW and PowderCell [17] program
packages. The crystal structures of the phases were refined
by the Rietveld method [18] with the program FullProf.2k
[19], applying a pseudo-Voigt profile function and
isotropic approximation for the atomic displacement
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parameters.  Microstructural — parameters (size of
coherently diffracting domains accepted as average
apparent crystallite size D, and average maximum strain
¢) were identified by isotropic line broadening analysis
[20] using simplified integral breadth methods for the
(2 0 0) reflection of the face-centered cubic structure of Pt
and/or Pd.

I1. Results and discussion

Fig. 1a shows that after anodizing, the surfaces of the
Ti samples contained self-organized nanotubes with open
pores and effective diameters from 40 to 70 nm, in
agreement with the results obtained in [21]. As evidenced
by the figure, the coating exhibits variations in pore sizes
across different domains, which can be attributed to the
peculiarities of the mechanism of oxide film dissolution
during titanium anodization. A comb-like pattern is
observed for the entire array of nanotubes. Changes in the
mesoscopic structure of the surface of the investigated
nanotubes upon annealing in air at 500 °C (Fig. 1a) are
evidenced, firstly, in a certain compaction of the defective
porous layer and the formation of cracks within it, and
secondly, in the appearance of corrugation in the
nanotubes, consisting of smaller nanoscale formations.

After the deposition of a platinum layer and annealing
in air, a transition from the nanotubular mesoscopic
surface structure to a microcrystalline structure was
observed. The microcrystalline structure consists of a
collection of randomly arranged particles with linear
dimensions of 1-3 um (Figs. 1b, c), and the characteristic
shape of rutile crystallites [22]. The coating exhibits a
well-developed surface, and due to diffusion and sintering,
platinum is distributed across the surface. Fused platinum
islands can be seen on the surface.

SEM images of samples covered with a layer of
palladium show visible fused blocks (Fig. 1d), which is
characteristic of the surface morphology of titanium
suboxides [23]. The surface is mostly formed by micro-
scaled and to a lesser extent by submicron aggregates.

For samples containing a small amount of metal, it has
been established that the tubular structure of the oxide is
preserved despite crystallization. This can be clearly seen
for the samples coated with 0.25 mg/cm? of metal
(Figs. 1e, f).

In Figs. 1g, h, SEM images of titanium dioxide
nanotubes coated with sequentially deposited layers of
platinum and palladium of varying concentrations are
presented. It is noteworthy that the comb-like pattern of
the coatings is preserved up to a metal content of
1 mg/cm?. As the metal content increases, the surface
growth of the matrix becomes more prominent.

The distribution of elements on the surface of the
samples was determined from characteristic X-ray
emission spectra using an energy-dispersive detector
(EDXS). The obtained data are presented in Table 1.
This method makes it possible to estimate the composition
of the surface to a depth of several micrometers. A high
content of elemental titanium indicates that the coating is
thin. In addition, titanium can act as an additional electron
donor. As can be seen from the table, the composition of
the resulting coating most likely differs from TiO,, which
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Fig. 1. SEM micrographs of surfaces of TiO, nanotubes coatings obtained electrochemically. Pristine nanotubes (a);
with electrodeposited layers containing 1 mg/cm? Pt (b), 0.5 mg/cm? Pt (c), 0.5 mg/cm? Pd (d), 0.25 mg/cm? Pt (e),
with 0.25 mg/cm? Pd (f), with subsequently electrodeposited layers containing 0.5 mg/cm? Pt
and 0.5 mg/cm? Pd (g), 0.25 mg/cm? Pt and 0.25 mg/cm? Pd (h).

619



Alexander Velichenko, Valentina Knysh, Olesia Shmychkova, Tatiana Luk ’yanenko, Svitlana Pukas, €tc.

Table 1.
Chemical composition of the surface of the TiO, based samples
1 0
Coating Elemental analysis, at.%
Ti @] Pt Pd
0.5 mg/cm? Pt 30.7 43 64.6 -
0.5 mg/cm? Pd 29.1 13.0 - 56.4
0.25 mg/cm? Pt 51.3 18.9 29.8 -
0.25 mg/cm? Pd 47.1 21.0 - 31.9
0.5 mg Pt, 0.5 mg/cm? Pd 5.6 4.4 53.5 36.4
0.25 mg Pt, 0.25 mg/cm? Pd 34.6 9.3 26.5 22.2
1.0 mg/cm? Pt 10.2 4.3 85.5 -
facilitates the electrochemical deposition of the metal (Pt 3
and/or Pd). In the case of stoichiometric titanium dioxide, o
the oxide surface is strongly hydrated (blocked by 5000 ~ e
hydroxides) and the metal does not adhere to it.
According to the EDXS data, in the case of a platinum 4000 -
coating with a content of 1 mg/cm?, the surface of the
nanotubes is covered with platinum at a level of 90-95 %. 3
Oxygen was detected on the thermally treated surface of & 3000+
the platinum coating, indicating the formation of surface g
oxide layers, with an approximate oxygen content of § 2000 -
4 at.%. However, X-ray diffraction did not reveal the = ‘
presence of platinum oxide phases on the surface, most | ‘ ‘ ‘ '
likely due to their small thickness and insufficient material 1000 - | . N N o lwn.
for analysis. It should be noted that the peaks on the XRPD - J'-f , A L |
diagram of the thermally treated samples are narrower 01 |u ; : ‘ -

than those of the untreated coating (Fig. 2), indicating an
increase in the crystallinity and crystallite size of the
coating [24, 25]. This can also suggest a decrease of
surface hydroxylation due to water entrapment during the
electrolytic deposition of the coatings. Similar effects are
particularly pronounced in the case of coatings made from
metal oxides obtained by electrodeposition, such as
manganese  dioxide and lead dioxide [26].
Recrystallization of the Pt coating probably occurs during
the thermal treatment, reducing the defects in the
crystalline lattice, and is accompanied by the loss of so-
called crystallization water. Even metallic electroplated
coatings may contain a small amount of hydrated phases
in the form of hydroxides and oxides, especially if their
deposition is accompanied by hydrogen evolution in the
cathode compartment. Some of the palladium on the
surface is in the form of oxide. Indirect evidence of this is
the change in the color of the coating from blue to gray
during the reduction process (palladium oxide is reduced
to metal).

Powder XRD patterns showed mixed crystalline
phases of titanium suboxides, and a broad nanocrystalline
face-centered cubic phase from the metal particles. The
primary particle size of the metal phase was of the order
of 3-4nm, as estimated from the Scherrer linewidth
equation. All of this indicates that the as-prepared catalyst
is a heterogeneous mixture of metal and template.
Diffractograms of the investigated samples covered with a
layer of palladium are shown in Fig. 3.

From the XRD analysis it was found that the phase
composition of the nanotubes thermally treated at 500 °C
corresponds to anatase (Fig. 4) and elemental titanium.
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Fig. 2. X-ray diffractograms of the surfaces of
electrochemically fabricated TiO, nanotubes with an
electrodeposited Pt layer. The legend shows the content of
noble metal (mg/cm?).
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Fig. 3. X-ray diffractograms of the surfaces of
electrochemically fabricated TiO, nanotubes with an
electrodeposited Pd layer. The legend shows the content
of noble metal (mg/cm?).

The reflections of platinum on the surface of the TiO,
nanotubes are covered by strong peaks of elemental
titanium. The (1 1 1) plane of the deposited Pt, the
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Fig. 4. Observed and calculated X-ray powder profiles for the samples coated with 0.5 (a), 0.25 (b), and
0.1 (c) mg/cm? Pt, respectively. The experimental data (circles) and calculated profile (solid line) are presented
together with the calculated Bragg positions (vertical ticks) and difference curve (bottom solid line).
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strongest peak, overlaps with the peak of elemental
titanium at 20 =39.76°. Other Pt peaks in the X-ray
scanning range (at 26 = 46.24° and 67.48°) correspond to
the (200) and (220) planes, respectively. The
broadening of the peaks is indicative of an amorphous
structure, which is consistent with the SEM analysis. This
can be attributed to the reduction in crystallite size and
surface amorphization due to hydrate formation resulting
from the reduction of the coating through cathodic
polarization. The presence of PdO was detected on the
surface of all thermally treated samples with a surface
content of up to 0.5 mg/cm? palladium. At 20 = 33.88°, a
characteristic reflection of PdO is observed, and its
intensity increases with increasing Pd content (Fig. 5).
Since Pd and Pt are isomorphic metals and freely
soluble in each other in both the liquid and the solid state,
during prolonged heat treatment at a temperature of
500 °C, mutual diffusion of the elements occurs. The

diffraction patterns show noticeable narrowing of the
peaks, indicating an increase in the crystallinity of the
coating [23, 24].

The phase composition of the studied samples,
crystallographic data and microstructure parameters for
the phases with face-centered cubic (fcc) structure
(structural type Cu, space group Fm-3m) are presented in
Table 2.

The study of the texture, morphology, and atomic
structure revealed that the proposed treatment conditions
for Ti foil allows forming hierarchically structured anodic
oxide coatings characterized by a hanoporous amorphous
matrix containing nanostructured anatase phase with
elemental titanium, platinum, palladium, and palladium
oxide.
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Fig. 5. Observed and calculated X-ray powder profiles for samples coated with 0.5 (a) and 0.25 (b) mg/cm? Pd,
respectively. The experimental data (circles) and calculated profile (solid line) are presented together with the
calculated Bragg positions (vertical ticks) and difference curve (bottom solid line).
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Table 2.

Phase composition of the surface of electrochemically coated titania tubes, crystallographic data and
microstructural parameters for the phases with fcc structure

Sample Phases

Lattice parameter
a, A

Unit-cell volume
Vv, A8

Crystallite size
D, A /strain ¢

Pt 46.2(4) wt.%
Til 38.5(7) wt.%
TiO,2 15.3(5) Wt.%

0.5 mg Pt

3.92146(9)

60.304(2) 271/0.0036

Pd 22.8(4) wt.%
Ti 43.2(6) wt.%
TiO, 12.9(4) Wt.%
PdO 3 21.1(3) wt.%

0.5mgPd

3.89124(13)

58.920(3) 252 /0.0038

Pt 42.8(5) Wt.%
Pd 19.5(3) wt.%
Ti 28.4(4) wt.%
Ti0, 5.2(2) Wt.%
PdO 4.1(1) wt.%

0.5 mg Pt
0.5mgPd

3.91689(14)
3.89132(16)

60.093(4)
58.924(4)

243/0.0040
231/0.0042

Pt 28.6(4) wt.%
Pd 7.5(3) wt.%

Ti 47.8(6) wt.%
TiO, 9.7(4) Wt.%
PdO 6.4(1) wt.%

0.25 mg Pt
0.25 mg Pd

3.91757(19)
3.8990(4)

60.125(5)
59.275(11)

215/0.0046
192 /0.0051

Pt 13.4(2) wt.%
Ti 49.0(7) wt.%
TiO, 37.6(7) Wt.%

0.25 mg Pt

3.9202(2)

60.246(6) 209 / 0.0047

Pd
Ti
TiO2
PdO

0.25 mg Pd

Note

216 /0.0045

Pt 62.8(4) Wt.%
Ti 25.4(4) wt.%
TiO, 11.8(4) Wt.%

1.0 mg Pt

3.92233(4)

60.3439(12) 435/ 0.0022

Notes:
2. TiO; anatase (space group 141/amd).

3. PdO (structure type PtS, space group P4,/mmc).
4. The Ti substrate (textured) prevents the correct calculation of the profile of the phase. The content of fcc
phase is small (<3 %) and almost all the palladium is present in the form of PdO oxide.

Conclusions

Electrochemically fabricated TiO, nanotubes exhibit
self-organized tubes with open pores and effective
diameters ranging from 40 to 70 nm. The variations in
pore sizes across different domains suggest the influence
of the mechanism of oxide film dissolution during
titanium anodization.

Upon annealing at 500 °C, the surface structure of the
nanotubes undergoes certain changes. There s
compaction of the defective porous layer, formation of
cracks within it, and the appearance of corrugation
consisting of smaller nanoscale formations. Deposition of
a platinum layer followed by annealing in air leads to a
transition from nanotubular mesoscopic surface structure
to a microcrystalline structure. The microcrystalline
structure consists of randomly arranged particles with
linear dimensions of 1-3 um, exhibiting the characteristic
shape of rutile crystallites.

SEM images of samples covered with a layer of
palladium show fused blocks, which is characteristic of
the surface morphology of titanium suboxides. The
surface is mainly formed by micro-scaled and submicron
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1. a-Ti (structure type Mg, space group P6s/mmc).

aggregates. SEM analysis confirms that even after
undergoing crystallization, the tubular structure of the
oxide is preserved in samples containing a small amount
of metal.

X-ray diffraction showed that the thermally treated
samples contain anatase and elemental titanium. The
peaks of platinum on the surface of TiO, nanotubes are
covered by intense peaks of elemental titanium. The
broadening of the peaks indicates an amorphous character
of the formed material. The presence of PdO was detected
on the surface of all thermally treated samples with a
surface content of palladium up to 0.5 mg/cm?. The
intensity of the PdO peak increases with increasing
palladium content.
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B po0oti mocmimkeHO CTPYKTypy MOBEpXHI Ta MIKPOCTPYKTYPHI 3MiHHM MOPHCTHX IiOKCHIHOTHTAaHOBHX
MOKPUTTIB 3 €JEeKTPOXIMIYHO HAHECEHHMM IIapaMH IUIATHHH Ta/abo mnanafniro. 3pasku Ti, aHomoBaHi y
(TOPOBMICHOMY €JIEKTPOIITI, IEMOHCTPYIOTh CaMOOPTaHi30BaHi HAHOTPYOKH PI3HOTO [iaMeTpy 3 BiJKPHUTUMH
nopamu. TepmiuHa 06poOka npu 773 K npusBena A0 yHibHEHHS TOPUCTOTO APy, YTBOPEHHS TPILHH i MOSIBH
pucdenns nosepxHi. OcakeHHS INIATHHU BUKIIMKAJO IIEPEeXiJ BiJl HAHOTPYOUYacTOl HOBEPXHEBOI CTPYKTYPH 10
MIKPOKPHCTAIIYHOI CTPYKTYpH, IO CKJajganacs 3 KPUCTANITIB PyTHIy. 3pa3kd, MOKPUTI Majajie€M, IOKa3alu
po3IUIaBiieHi OJOKH, XapakTepHi Ui cyOokcuaiB TuTaHy. TpyOuacrta cTpykrypa 30eperiiacs HaBiTh IiCIIs
KpucTanizalii. 300paxeHHs, OTpPUMaHi Ha CKaHYI0UOMY EJISKTPOHHOMY MiKPOCKOIIi, IEMOHCTPYIOTh rpeOiHUacTHi
XapakTep y MOKPHUTTIX i3 pi3HUM BMICTOM MeTaly. AHalli3 peHTTeHIBCHKUX MOPOLIKOBUX AUMPAKUIHHIX JaHUX
HiTBEpIVB HAsSBHICTh aHATa3y Ta eJIEMEHTapHOTO TUTaHy. Ha moBepxHi TepMiuHO 00pOOIEHHX 3pa3KiB BUSBICHO
PdO. Insa 3pa3kiB, o0pobnenux coinbHO Pd i Pt, mig wac Tepmiunoi o6poOku BinOynacs B3aemMHa audys3is JBOX
MetaniB. OTpuMaHi JaHi pO3KPHBAIOTH XapaKTEPUCTHKH ITOBEPXHI, €PEKTH 0CAHKEHHS MeTaTy Ta (ha30BHH CKIaf
HOPUCTHUX MOKPHTTIB i3 OKCHUAY THTAHY, HAIAI0UYH IIHHY iH(GOPMALIIO VIS MOJAJBIINX TOCIiIKEHb.

KurouoBi cjoBa: HaHOTpYOKH, HiOKCHI THTaHY, METAIM IUIATHHOBOI TPyIH, MOPQOIIOTis, Pi3uKo-XiMidH1
BJIACTUBOCTI.
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