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Abstract
This study investigates the formation of developed surface modification of molybdenum fods through
elecirochemical anodizahion in oxalic acid and picosecond puwised lsser iradiation. The resuifing surface morphoiogy,
efemental composition, and crystallinify were analysed using SEM, EDS, and XRD methods. Anocdizalion process
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produced & rough, none-uniform sumaces. while faser freatment achieved uniform micro-crsialliine amays Advanced
surface and micro-crystailine arrays by pulsed laser irradiation will open new ways in the field of catalylic applications.

Annotatsiya
Ushbu (shds tadgigol molibden folgafarning ustida nvoifanoan st hosid qitsh uchun  oksafal Kisiofada
efektrokimyoviy anodiash va pikosexundl impuwlsli fazer nurianishi orgalil amalga osiiridi. Natijada olingan sit
mofologivasi, elementar tarkibi va knstallic SEM, EDS va XRD wsullan yordamida tahlil giindi. Anodiash jarayons
tartibsiz, notekis siffami hosil bo'ldy, shuningdek lazer bilan ishiov berish orgall bir xil bo'lgan mikroknstallar massivian
hosil gifindi. Impulsh fazer nurfanishi orgall rivojlangan sid va mikroknstallar massiian kalaliz sohasida golanilish
imkaniyatianni ochadi.
AHHOMALUR
Nandar pafoma nocsRiers Modughurauuu  nosepxHocmy  monuSdesosql onsey  mocpedcmeoM
IANEXMPOXUMUYECKo2D aHodUpOSaHUR & Lgsenesnd KUCTOME U UMNYNbCHOH nukocekyHdLol nasepHol obpadomyy anR
dopMUposaHUR paseumol noeepxHocmy. Mopthonosus NoEEOXHOCMU, 3ASMEHMHLI] COCMEE U KDUCTMENTUYHOCITE
Ouimy  ApoaHanuIupoesaHsl © LCTOMb3I0SaHUeM Memodoe C3IM 30C u penmezexrceckol Ougpakuvy. MNpouecc
aHofuposaHUR Npusens & ofpasosaHue Wepoxosamod, HeodHopofHoO nosepXHOCMU, mosds KaX n83epHan
ofpalomyka MOI8QNLUNE NOTYYLIME DESHOMEDHLIE DROBN MUKDOKDUCMARNDE. YoosepUeHCMEDEaHHLIE NOSEDXHOCIMU U
pAOLI  MUKDOMDUCMENToS, MONyYeHHLIE  TyMeM  UMINyIeCHO20 RalepHozo  olfyyeris, OIMKEDRIESIOM  HOERIE
nepcnexmussl & odracmu MoUMeHeHUs & oBmacmu Kamanusa.

Keywords: elecirochemical anodizalion, picosecond faser, molybdenum foil, oxalic acid electralyte, devaloped
Surfaces, surface momphoiogy, composition.

Kalit so‘zlar: elekirokimyoviy anodiash, pikosekunall (azer, molibden foiga, oksalal kislola asosidaar elekirolit,
rmvaifangan sirt. morfologiya, tarkib.

Kmoveekle Ccnoga: anekmpoxuMuyecyoe aroduposanle, NUkoCeryHORBID masep, MonuGdenosss ghankaa,
FNEKMPOAUT Laeenesol KUCHOMEl DEIEUMER NOEENXRICTE, MODEOTOSLR NOBSOXHOCTIL, COCIMAR.

INTRODUCTION

Ower the past decades, there is found an increasing demand for energy which makes it a
necessity for focusing on clean, low-cost, environmentally friendly, and renewable energy
resources as population growth results in depleting fossil fuels, creates many environmental
problems [1], [2]. This is due to the fact that catalyiic reactions involving metal catalysts are a
crucial component in the production technology of both inorganic and organic materials, as well as
a key factor in the production of raw matenals, significantly determining manufactunng capacity [3],
[4]. However, increasing the molybdenum content in the coatings raises their internal stresses,
leading to the formation of surface microcracks and reduced adhesion fo the substrate [5], which
probably reduces the stability of such electrodes and their effectiveness in the HER [B]
Additionally, defective coatings can be formed under the influence of molecular hydrogen at low pH
and the formation of hydroxides at high pH. On the other hand, the catalytic activity of coatings with
low molybdenum content can be enhanced by modifying their surface layers, particularly through
anodic treatment, which has been applied to other systems [7]. This treatment increases the
surface area of the electrode and develops a specific surface morphology with numerous active
centres for HER, due to the etching of certain elements from the surface dunng anodic polarization
[8]. However, in some cases, anodic treatment may result in the electrochemical polishing of the
surface [5]. Therefore, when studying the catalytic properties of anodically treated Ni-Mo coatings
for the hydrogen evolution reaction, it is essential to consider not only the surface morphology but
also the influence of surface producis on the hydrogen release mechanism, which depends on the
parameters of anodic processes (potential, current density, duration). Laser ablation/irradiation is a
green technique for obtaining nanoparticles of metal oxides, semiconductors and so on [9]. Herein,
the oxygen-deficient MoOx NP films were synthesized through fairly simple programs of laser
ablation and irradiation.

In this study, the electrochemical anodization of molybdenum foils in an oxalic acid electrolyte
and pulsed laser iradiation comprised in order to develop surface layers suitable subsirate
microcrystalline arrays.

MATERIALS AND METHODS
Chemicals. Molybdenum foil 1=3 mm thickness (99,9 % punty)} and oxalic acid (99.6%)
were purchased Fengda Chemicals Corporation China.
Anodizing process of molybdenum foil. The processes of liquid anodizing of molybdenum
foil were carmied out In a two-electrode chemical cell. Molybdenum foil served as working electrode
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(anode) while a graphite rod was used as the counter electrode (cathode). Prior to anodization
surface of molybdenum foils were ultrasound cleaned in acetone, methanol and deionized water
consistently in order to remove oil, dirt and other debns depaosited from mechanical polished. After,
cleaning, the metallic foil was dried in a muffle furnace for 3 hours at 100°C. The experiment was
started after surface treatment of initial metallic samples. In the first stage of anodization, the
purified molybdenum metal foil was placed in an electrochemical cell containing 0.6 M oxalic acid
(CzH20¢) solution. The solution temperature was maintained at 5+ 1°C, while a voltage of 25+40 V
was applied for 360 minutes in galvanostatic mode. Following the initial anodizing stage that a
uniform-rough, light-grey oxide film forms on the surface of the molybdenum substrate. The
resulting sample was cleaned in distilled water.

Laser treatment of molybdenum foil. The surface treatment was performed using a PL2231-
50 picosecond laser from EKSPLA with fundamental radiation at a wavelength of 1064 nm, a pulse
duration of 28 ps. and a maximum pulse energy of 40 mJ. The sample under study was mounted
on a holder in such a way that after securing thin plates perpendicular to the laser beam axis, it
could be moved along the X-Y-Z axes using micro-screws and stepper motors controlled by a
computer program. Since the focal plane of the lens must be perpendicular to the beam axis and
due to the dispersion of its matenal, the lens mount must also have micro-screws for translation
and rotation along all three axes. In this case, the holder is equipped with guide rods that enable
micro-movements along the three axes with a minimum step of 10 pm.

Charactenzation. A research-grade diocde-pumped picosecond laser, model DPSS PL2231-
50-5H/TH/FH, manufactured by EKSPLA (Lithuania). Morphaological and elemental compaosition of
anodized and laser iradiated samples was investigated using scanning electron microscopy (Zeiss
EVO MA10) with Energy-dispersive X-ray spectroscopy (EDS). The XED patterns was obtained
using powder diffractometer PAMalytical Empyrean diffractometer (CuKo-radiation). Surface
microstructure of the samples was camed out using Axio Scope (AXIO) optical microscopy with a
built-in AXIOCam ERchS digital camera.

RESULTS AND DISCUSSION

In Figure 1 (a,b) schematic illustrated electrochemical anodizing process of molybdenum
foil in ligwid medium. Specifically, the metal foil was mounted honizontally on the back side of a
Teflon beaker. sealed with a rubber and a malybdenum platform as shown in Figure 1 (a). Thus
Figure 1 (b) shows that the changing of voltage during anodizing proses in three sections of
voltage distribution. It shows voltage dependence from ancdization time. In paricular, the evolution
of voltage during ancdization time, the voltage increased (section 1) and reach maximum (section
[I). Then voltage start decrease (section 1l1) and become constant as presented as a solid line in
Figure 1 (b). Accordingly, decreasing voltage shown that in section |ll can be atinbuted formation
of none uniform roughness on molybdenum surface. Figure 1 {c) shows that surface morphology
and elements identification of initial sample before anodizing that measured by SEM and optical
microscopy. According to the images of SEM, the surface of the cleaned molybdenum foil is
uniform. The formation of roughness occurs in an aquecus solufion of oxalic acid by an
electrochemical method. The concentration and purification of the electrolyte, the temperature of
the ancdizing process and the applied voltage are critical parameters in the anodizing of
moelybdenum foil. Figure 1 (d) show XED pattern of the initial molybdenum foil, as depicted in the
provided image; shows a spectrum with counts plotted against the 28 position. The pattern
indicates the presence of molybdenum as the prnimary element, with a3 dominant peak at
approximately 58-60° corresponding to the characteristic diffraction of molybdenum's crystalline
structure: This peak is sharp and intense, suggesting a high degree of crystallinity and a well-
ordered lattice. In spite of metallic surface of the sample polished and cleaned by ultrasound, but at
the same time had small residual strips of rolled metal. There are small longitudinal strips are
observed on surface (before polishing) caused by rotation, elongation and pressure of the ralling
shafts that shown in Figure 1 (e). In general, the morpholegy of the sample is identical over the
entire surface. Local elemental analysis of the surface of the samples shown in Figure 1 (c). it was
observed that following ratio of the starting components consist from molybdenum having an
atomic weight of up to 87 percent, while the oxygen content reaches up to 13 atomic percent
Figure 1 (c).
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Figure 1. (a) view of experimental setup for anodization; (b) the evolution of voltage during
process anodization; (c) SEM image and EDS composition (top left side) and optical
microscopy image (top right side) of initial molybdenum surface after mechanical polishing
and cleaning; (d)XRD of initial molybdenum foil, (e) magnificated SEM images.

Then after anodizing process for 360 minutes in a solution of 06 M oxalic acd, the
temperature of which was maintained in the range from 5 + 1°C, the randomly oriented roughness
is observed on sample surface of molybdenum foil in Figure 2 (a). A comparative analysis shows
that the surface of the sample is covered with non-uniform roughness. micropares are visible that
are heterogeneous in shape and size that are randomly located and have a large spread on the
surface. Increasing image magnification up to 2 pm scale in Figure 2 (b) shows that on the
anodized molybdenum surface formed non-uniform roughness, one arrangement was very
irregular with wide range of size distribution. The investigation of surface morpholegy also revealed
that non-uniform flecks inhomogeneity with different diameters distributed over all anodized surface
of molybdenum foil with constant anodizing voltage. In addition, Figure 2(b) shows composition of
anodized molybdenum foil on the upper right comer. According to EDS spectrum the main part is
molybdenum having an atomic weight of up to 96,7 percent, while the oxygen content reaches up
to 3,3 atomic percent on the upper right corner in Figure 2 {b).
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Figure 2. (a) SEM image of the anodized molybdenum foil at 6 hours; (b) high
magnification SEM image and the elemental composition of anodized sample shown
on the upper right corner.

In order to prevent intense laser ablation resulting in hole formation, a surface modification
mode of molybdenum foil was used with pulsed laser irradiation at a wavelength of 266 nm, where
the maximum pulse energy was 0.6 mJ, the repetition rate was 50 Hz, the sample movement
speed was 30 mm/min, and the interval between lines was 50 pym. Using this mode, the movement
of the sample holder was programmed to guide the laser beam in a pattern of continuous
horizontal, vertical, and diagonal lines at a sample movement speed of 30 mm/min on the surface
of metal foil that shown in Figure 3 (a). The surface heating process is of interest for creating
uniform micro-crystallites arrays on the metal surface. If the metal surface is irradiated with a laser
beam in the pattern shown in Figure 3 (a), we observed that uniform micro-crystallites arrays will
form on the metal surface. The SEM image Figure 3 (b) shows a comparative view of two surfaces
of molybdenum foil border with picosecond laser-treated surface and an untreated area. The left
side of the image displays a highly structured surface with a uniform structure. The texture of
surface indicating the formation of microcrystalline arrays due to the laser irradiation. The pattern is
consistent and evenly distributed, suggesting precise control during the laser treatment process.
The contrast between the two surfaces highlights the significant impact of picosecond laser
irradiation, transforming the initially smooth molybdenum foil into a structured, developed surface
with formation of microcrystalline arrays in all molybdenum surface see Figure 3 (c)
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Figure 3. (a) pattern of continuous sample movement; (b) SEM images of the border
and (c) full molybdenum foil surface; (d) XRD pattern before and after treated by
picosecond laser.
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Figure 3 (d) presents the XRD patterns of initial molybdenum foil and after treated by laser
irradiation. The XRD patterns were analyzed using the HighScore software and compared with the
PDF-2 database (2013 edition). The peaks are relatively sharp and well-defined suggesting a high
degree of crystallinity and a uniform structure. The diffraction peaks are sharp and narrow,
indicating a high degree of crystallinity metallic molybdenum phases of initial molybdenum foil. The
XRD patterns exhibit notable increasing of peak intensities after pulse laser irradiation.

CONCLUSIONS

This paper presents studies of the processes of anodizing in the oxalic acid electrolyte of
melybdenum foil. In this case, anodizing conditions were selected in order to observe visible
uniform roughness. After completing electrochemical anodization of molybdenum foil is covered
with non-uniform roughness, micropores are visible that are heterogeneous in shape and size that
are randomly located and have a large spread on the surface. However, in order 1o receive highly
ordered micro-crystalline arrays on the surface of molybdenum foil, it is treated by picosecond
laser irradiation with pulse energy 0.6 mJ, the repetition rate 50 Hz, foil movement speed 30
mm'min in the form of continuously horizontal, vertical, and diagonal lines. After that uniform micro-
crystallites arrays were obtained on the molybdenum fail surface. X-ray patterns and EDS analysis
were identified absence of other impurities of the structure of molybdenum. In conclusion the
comprising anodized and laser treated sample lead to formation different microstructure of surface.
But laser treatment stimulated to formation highly ordered micro- crystalline developed surface.
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