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EVALUATION OF NANOPARTICLES’ SIZE CHARACTERISTICS
OF MANGANESE OXIDE/HYDROXIDE BASED PHOTOCATALYSTS

Since size is a key characteristic determining whether a material belongs to the nanomaterial class, its accurate
assessment is critical. In addition, the size effect in nanoparticles defines the efficiency of the material for catalytic and
photocatalytic applications. A series of composite materials composed of manganese oxide/hydroxide compounds with
halloysite nanotubes were synthesized and characterized, with a focus on nanoparticles size parameters critical for
functional applications. Multiple analytical techniques, including transmission and scanning electron microscopy (TEM/
SEM) combined with IMAGJ software, dynamic light scattering (DLS), and X-ray diffraction (XRD), were employed to
evaluate sizes of nanoparticles. Samples were chemically synthesized at ambient temperature of 15-20°C from a solution
of MnSO, with H,O, as an oxidising agent at different pH. The size distribution half-width was identified as a key factor
in estimating the error associated with size effects in nanomaterials. It can be seen that the relative error towards even
critical for quantum effects revealing size of 100 nm makes up about 10% for synthesized samples and about 20% for
standard MnO; from Pridneprovsky Chemical Plant (Ukraine). These error values are large enough for quantitative
evaluations and highlight the need for improved control over size distribution through optimized synthesis conditions, in
particular, temperature. Furthermore, while XRD primarily reflects the sizes of crystallites, often smaller than the actual
nanoparticles’ sizes observed via TEM/SEM, DLS tends to overestimate sizes due to particle agglomeration. From the
analysis of nanoparticle size data of studied Samples, the Rietveld refinement resulted in good agreement with IMAGJ
software data for particular cases of Samples taken for analysis. The comprehensive characterization of the samples
underscores their potential for future nanoapplications, providing a foundation for further research and development.
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OHIHKA PO3SMIPHUX XAPAKTEPUCTUK HAHOYACTHUHOK ®OTOKATAJII3ATOPIB
HA OCHOBI OKCHUA/TIAPOKCUAY MAHI'AHY

OcKinbKu po3mip € KIHOU0B0K XAPAKMEPUCMUKON, WO BUSHAYAE NPUHANLENHCHICMb Mmamepiary 00 Kiacy
HanomMamepianie, 1020 MOYHA OYIHKA Ma€ Kpumuuhe 3HauyeHnHs. Kpim moeo, posmip nanouacmumnox (HY) ennusae
Ha egexkmusHicmb mamepiany O KamaunimuyHux i gomoxamanimuunux 3acmocyearsv. byno cuwmezosano ma
0XApAKMepu3068aHO HU3KY KOMHOZUYITIHUX Mamepianie, wjo CKIa0aromscs i3 OKCUO/2IOPOKCUOHUX CNOAYK MAH2AHY
3 Hanompyoxamu eanyazumy, HpUOiIsiouU O0CoOIU8Y y8azy napamempam po3mipy HAHOYACMUHOK, KPUMUYHUX
onsi QynkyioHanvHozo 3acmocysanns. Kinbka ananimuynux memoois, 6KIOUANOYU MPAHCMICIUHY MA CKAHYIOUY
enexmpouny mikpockoniio (TEM/SEM) y noconanni 3 npoepamuum 3abesneuwenusim IMAGJ, ounamiune po3ciioganis
ceimaa (DLS) i penmeeniscoky ougpakyiro (XRD), suxopucmosysanucs oas oyinku posmipie HY. 3paszxku ximiuno
CUHmMe3Y8au npu memnepamypi HagkoauwHb020 cepedosuwa 15—-20°C 3 posuuny MnSO, 3a yuacmrwo oxucruka H,0,
npu xkoumponi pH na pieni 6, 10. Haniewupuna po3nooiny 3a posmipom 6yia eusnauena sik KIo4osull pakmop npu
OYIHYI NOMUTKU, NOB A3aHOI 3 ehexmamu po3mipy 6 Hanomamepianax. Iloxkazano, wo 6i0HOCHA NOXUOKA W00 HABIMb
KPUMUuuH020 05t Keanmogux egpexmia posmipy 100 um cmanosume npubnusno 10% 0ns XiMiyHO CUHME308AHUX 3DA3KIE
ma npubauzno 20% ona MnO, Ilpudninposcekoeo ximiunozo 3a600y (Vkpaina). L]i 3nauennss noxubox 0ocmamusbo
6enUKI Ol KIMbKICHUX OYIHOK 1 NIOKpecaoomv nompedy 6 NOKPAUueHOMY KOHMPONi pO3nodily 3a posmipom 3d
00NOMO2010 ONMUMI308AHUX YMO8 cuHmesy, 30kpema memnepamypu. Kpim mozo, y moti uac sk XRD 6 ocHogHomy
8i006padicac po3mipu Kpucmanimie, 4acmo MeHwi 3a GaKkmuyni po3mipu HAHOYACMUHOK, SIKI CROCMepieaiomvcs 3d
odonomozoio TEM/SEM, DLS mae menoenyito 3asuwysamu po3mipu yepes aziomepayiio YacmuHok. J{ani ujo0o posmipy
YACMUHOK 00CTIONCYBAHUX 3pA3Ki6, ompumani memodom Pimeenvoa, 0obpe y32000cyromucs i3 pezyiomamamu OYiHKU
6 npocpamuomy 3abesneuenni IMAGJ O okpemux 8unAoKi6 XiMiuHO CUHME308AHUX 3DA3KIE, 63AMUX OISl AHANI3Y.
Komnnexcna xapakmepucmuxa 3paskie niokpeciroe ixuitl nomenyian 0 MaubdymHuix HAHO3ACMOCYBAHb, 3a0e3neuyuu
OCHO8Y 07151 NOOANLUIUX OOCTIONCEHb | PO3POOOK.

Knrwowuoegi cnosa: nanouacmunxa, posmip, OyiHKa, OKCUOU/2IOPOKCUOU MAHEAHY, (POMOKAMAILL3.
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Formulation of the problem

The growing need for modern electronics and other high-tech industries creates constant demand for new and improved
materials and technologies. The miniaturisation trend in aforementioned areas during the last decades becomes a peculiar
response toward the famous R. Feynman Nobel Prize lecture “There’s Plenty of Room at the Bottom: An Invitation to
Enter a New Field of Physics” formulating ability to manipulate matter on an atomic or nanoscale [1]. The quintessence
of this tendency is the intensive development of nanotechnologies, which is concentrated on quantum-scale size effects
that arise at particle sizes of about 10-100 nm.

Traditional synthetic procedures for many materials, including oxides, should be revised in order to meet modern requirements.
It is well-known that oxides of transition metals have found wide practical applications. The evaluation of approaching existing
synthesis methods of these oxides toward nanotechnology needs is subjected to numerous in-depth studies.

Manganese dioxide is a cheap and widely distributed natural material. It is characterised by structural diversity and, as
a result, unique properties. That is why it is widely used as an electrode material in batteries [2—4], a catalyst of oxidation
processes [5], and a photocatalyst in water treatment [6]. The functional properties of non-stoichiometric oxides directly
depend on the material particles’ origin, morphology, dispersion, shape, and size. Therefore, it is essential to control these
parameters when synthesising new materials.

According to European Commission recommendations, a nanomaterial is a natural, incidental, or manufactured
material containing particles in an unbound state or as an aggregate or agglomerate, and where 50% or more of the
particles in the number size distribution have one or more external dimensions in the size range 1 nm — 100 nm [7]. Since
“nanomaterial” is defined by particle size, measuring the size distribution of products is essential to confirm whether they
meet these parameters. However, due to technical challenges, there has been a growing discussion aimed at identifying
practical solutions for accurately measuring size distribution [8]. Transmission electron microscopy (TEM) is considered
a promising technique for measuring the size distribution of nanomaterials. In addition to detailed morphological
observations, TEM provides the necessary information for particle size distribution.

Analysis of recent research and publications

Manganese dioxide has found applications in batteries more than a century ago [9,10]. Manganese oxide compounds
with versatility of structure behaviour have practically important oxidising agent, catalytic, and electrocatalytic properties
[11, 12]. Recent studies revealed their potential as a photocatalyst [13], including the water-splitting process.

By combining semiconductive nanoparticles of MnO2 with C3N4, active composite photocatalysts of water-splitting
Hydrogen Evolving Reaction (HER) were prepared [14,15]. MnOOH is an oxyhydroxide of Mn(III)-state. It exists in
3 crystalline polymorphs: a -groutite, 3 -feitknechtite and y-manganite. It found wide use as chemical catalysts, molecular
sieves, and cathode materials in primary and rechargeable batteries [16].

Numerous studies have explored the effectiveness of hausmannite in the photodegradation of various dyes, including
Alizarin Yellow, Methylene Blue, and Methyl Orange. It is reported as an excellent sensor material for identifying volatile
organic compounds [17]. Furthermore, it is a significant energy storage medium, particularly as an anode material for
lithium-ion batteries [18]. Additionally, its role as an efficient catalyst [13] in a wide range of oxidation and reduction
reactions underscores its importance in catalysis.

The advantages of applying nanomaterials in photocatalysis include the shorter electron-hole pair path and lower this
pair recombination probability [19].

Formulation of the purpose of the research

Thus, this study aim is to test the opportunities of modern software, namely IMAGJ and QTIPLOT, in evaluating

nanodimensional characteristics of obtained materials to study further functionality size effects.
Presentation of the main research material

Synthetic procedures. Powder samples of manganese oxide materials were obtained by chemical deposition methods.
A typical chemical synthesis of oxide materials was as follows: dissolution of 13.85 g of MnSO, - 5H,O in 100 ml of water,
adding (NH,),SO, to achieve a ratio of ions Mn*": NH," equal 1:2 for samples 2 and 6. Halloysite nanotubes (HNTs) of 1 g
for samples 1, 2, 6, and 7 were also added (Table 1). For samples with HNTs, 1 hour of vacuuming was applied to achieve
complete removal of air and fill the lumen with a solution. pH was adjusted through the addition of ammonium hydroxide.
Hydrogen peroxide was added dropwise as an oxidant while maintaining continuous mechanical stirring. The product was
centrifuged, washed with distilled water and dried at 160°C until constant mass. Samples considered as a standard were
also used (MnO,, Pridneprovsky Chemical Plant (PCP), Kamianske and HNTs, Sigma Aldrich).

Characterization methods. {-potential and Dynamic light scattering analysis (DLS). {-potential and dynamic light
scattering measurements were performed in 0.001 mass % aqueous dispersions by a Zetasizer NANO-ZS (Malvern
Instruments) at 25 + 0.1°C. For {-Potential experiments, a disposable folded capillary cell was used. Analysis of the
intensity of scattered light made it possible to obtain data on the hydrodynamic diameter of the particles and their
C-potential. These results provided a description of the particle sizes and surface charge properties.

The characterization of samples also included: thermogravimetry (Thermogravimetric Analyzer Discovery TGAS550
with TRIOS Software); energy-dispersive X-ray fluorescence (mobile precision analyzer Olympus Innov-X DS-2000 Delta);
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X-ray diffraction method (X-ray diffractometer Rigaku, MiniFlex600 with a CuKa radiation source); FTIR spectroscopy
was performed on PerkinElmer Spectrometer Frontier. The composite sample was mixed with KBr in 1 : 100 ratio and
pressed into tablets that had a grayish-brown color. Spectra were registered in the range of 400-4000 cm™.

Table 1
Samples and their synthesis conditions

Sample name Sample composition HNTs content, g 1.5M NH/ pH
CS-1 Mn-HNT-pH10-H,0, 1 10
CS-2 Mn-NH,*-HNT-pH10-H,0, 1 + 10
CS-3 Mn-NH,*-pH10 + 10
CS-4 Mn-NH,"-pH5-6-H,0, + 5-6
CS-5 Mn-pH5-6-H,0, 5-6
CS-6 Mn-NH,*-HNT-pH5-7.5-H,0, 1 + 5-7.5
CS-7 Mn-HNT-pH5-6-H,0, 1 5-6
CS-8 Mn-NH,"-HNT-pH5-7.5-H,0slow (72h) + 575
CS-9 Mn-NH,-HNT-pH5-8-H,0, express (2h) + 5-8

To determine the size of nanoparticles, the following procedure was used: high-quality microscope images from
Scanning Electron Microscopy (SEM, Tescan, Czechia) or Transmission Electron Microscopy (TEM, JEM 1200-EX,
JEOL, Japan) were used to perform at least 60 measurements of the diameter, length in the case of anisotropic nanoparticles
(NP), and the sizes of aggregates by means of the ImageJ software (Fig. 1).

Results and Discussion. Synthesized samples after washing, drying, and grinding were fine powders from beige to
black colour. The yield of products has varied between low and relatively high depending on the presence of HNTs. For
instance, the yield of samples synthesized without HNTs was minimal (to within 2-30% by mass) and was 50—65% by
mass at the same conditions with HNTs. To address the objectives of this study, a subset of samples from the series listed
in Table 1 was selected for further analysis, as shown in Table 2.

Qualitative XRD phase analysis of prospective phase candidates included comparing their main reflexes with diffraction
databases of XRD patterns using PDF-2 database of the International Centre for Diffraction Data (PCPDFWIN version 2.0,
ICDD, 1998), Match 2.0, and Profex Version 5.2.5. The phase composition of Samples CS1-CS9 was complex and included
Mn;0, at pH=10 and MnOOH/MnO, at pH about 6 as the main components. The peaks of HNTs were also identified.

TEM studies were performed to reveal the morphology, size, and dimensions of the obtained NPs. Powdered samples
were subjected to preliminary ultrasound processing for several minutes in the aqueous medium to improve the visibility
of NPs. Some typical TEM images are shown in Fig. 2.

Fig. 1. SEM image of PCP MnO, (standard) with measurements performed on nanoparticles shown by marks.
The scale bar corresponds to 200 nm
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Fig. 2. TEM images of Samples: CS-5 of manganese oxide/hydroxide (a), and heterostructures with HNTs of CS-1
(b) and CS-6 (¢)

The first observation that can be made is related to the manganese oxide/hydroxide morphology dependence on pH:
elongated NPs forming agglomerates are typical for pH close to 6, and very tiny and small shapeless NPs were observed
at pH = 10. The decoration effect of HNTs by oxide/hydroxide NPs can be visible in Fig. 2(b). The HNT’s lumens in Fig.
2 b, c are not filled with oxide/hydroxide NPs.

ImagelJ software was applied to evaluate the parameters of NPs in Samples (Fig. 3). Statistical processing of the
obtained results was carried out using the Qtiplot program, and it was established that the diameter of the nanoparticles of
the synthesized sample is, on average, half that of the PCP, and the sizes of the nanoparticles fluctuate in a much smaller
range. The average particle size is 10.4-15.2 nm (78% of measurements fall into this range). The PCP sample’ average
size is between 26 and 34 nm (for 70% of measurements), Table 2.

Table 2
Evaluated parameters of NPs from the Gaussian peak
Sample name Averaged size of Maximum of. distribution Distribution Furve width
NPs / nm curve, size / nm at half-height / nm
MnO, PCP 27.84+8.19 22.85+0.8 19.23
CS-1. Mn-HNT-pH10-H,0, 14.96+5.64 11.69+0.38 9.89
CS-2. Mn-NH,-HNT-pH10-H,0, 12.11+£6.35 7.57+0.2 9.89
CS-5. Mn-pH5-6-H,0, 10.79+3.62 8.68+0.19 9.89
CS-6. Mn-NH,-HNT-pH5-7.5-H,0, 10.89+4.84 6.92+0.45 7.14
CS-7. Mn-HNT-pH5-6-H,0, 14.45+5.06 11.67+0.12 9.89

The distribution curve width at its half-height is an important characteristic of a nanomaterial for studying the size
effects of functionality, including photocatalytic activity. It describes the distribution of NPs around the average value of
size. This parameter shown in Table 2 is practically identical for samples obtained by one method and independent of the
presence of HNTs. The narrowest distribution demonstrates Sample 6. The widest distribution has MnO, PCP Sample
(19.23 nm). The smallest average size have manganese oxide/hydroxide NPs in Sample 6, and the maximal size display
MnO, PCP NPs.

It can be seen that data of columns 1 and 2 in Table 2 differ by 20-50%. At the same width of the distribution curve at
its half-height it is preferable to operate by the maximum of the distribution curve versus the average value of NP’s size.
Even at some scattered values, distribution curve analysis shows the most useful information to evaluate applicability of
data to study size effects in nanomaterials.

DLS method demonstrates the tendency to NPs agglomeration (Table 3). As it was expected, the maximal tendency
to form aggregates demonstrates MnO, PCP Sample. In general, average size data obtained by DLS method by about
10 times larger than the data of direct measurements processed by IMAGIJ software. {-potential values in Table 3 and of
pure HNTs (-30 mV in the pH range from 2 to 8 [20]) confirm the incipient instability of NPs of Samples.

The data of Rietveld refinement of the Samples performed by Powder Cell v.2.3 software were also used to evaluate the
sizes of coherent scattering regions(CSR). It can be concluded that results are in agreement with data in Table 2 for main
phase components such as Mn;0, and MnOOH. On the other hand, XRD diffraction patterns of all Samples demonstrate
amorphous galo and low values of the signal/noise ratio. These obstacles were taken into account by subtracting an
amorphous background when possible. Evaluations by modelling of semiamorphous phase components contributing
XRD patterns resulted in lower CSR sizes to within 4-6 nm.

The specific surface area of the PCP sample, as determined by the BET method, is 22 m?/g, whereas the chemically
synthesized samples exhibit significantly higher values, ranging from 50 to 70 m?g. From this, we can conclude that the
PCP sample has a high degree of aggregation, which is confirmed by visual observations.
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for the synthesised samples and PCP MnO,
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Table 3
Data obtained using DLS
Sample name Average size / nm {-potential / mV
MnO, PCP 222.447+83.21 -21.97+0.85
CS-1. Mn-HNT-pH10-H202 119.08+48.68 -18.10+0.56
CS-2. Mn-NH4-HNT-pH10-H202 141.16+43.05 -16.13+0.90
CS-5. Mn-pH5-6-H202 175.44+86.19 -19,2+1.11
CS-6. Mn-NH4-HNT-pHS5-7.5-H202 143.02+£52.38 -19.4+1.7
CS-7. Mn-HNT-pH5-6-H202 118.2+36.08 -15.840.75
Conclusions

The series of chemically deposited composites of oxide/hydroxide compounds of manganese with halloysite nanotubes
was synthesized. The characterisation of them was made focused on the parameters related closely to NPs. Bearing in
mind the aim to study size effects in further experiments with such functional applications as catalysis and photocatalysis,
the evaluations of sizes of nanoparticles were made by available methods of TEM/SEM combined with IMAGIJ software,
DLS, and XRD. Direct measurements of NPs’ morphology parameters have advantages over classical methods such
as XRD, DLS, etc. IMAG]J software represents a suitable user interface for SEM/TEM image analysis and supplies a
researcher with valuable information not equivalent to the results of the other aforementioned methods.

The obtained results of size distribution half-width are the suitable measure of size effect evaluation error in
nanomaterials. It can be seen that the relative error towards even critical for quantum effects revealing size of 100 nm
makes up about 10% for Samples CS1-9 and about 20% for MnO, PCP. These error values are large enough for quantitative
evaluations. Therefore, the size distribution half-width needs further control by synthetic or other procedures. The most
prospective parameter for optimisation in this case could be temperature of chemical deposition since our experiment
maintained at constant ambient temperature of approximately 15-20°C. As we know, XRD signal broadening shows the
sizes of coherent scattering regions or crystallites that are generally less and not equal to the actual sizes of NPs that can
be seen in SEM/TEM images. On the contrary, average sizes of NPs received from the DLS method are usually larger
than true sizes since NPs’ agglomeration occurs. It can be concluded from performed analysis of NPs sizes data of studied
Samples that the exact method of Rietveld refinement resulted in good agreement with IMAGIJ software for particular
cases of Samples CS1-9 taken for analysis. It is also clear that all information from characterisation of Samples is valuable
for further nanoapplications.
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