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INTERACTION OF LIGHT ALKALI METALS WITH AMMONIA

BORANE: A THEORETICAL STUDY

Bojana Paskad Mamula', Igor Milanovic!, Bojana KEnzmanovic’, Nikela Bilickov?, Nikola
Novakowvic!

! _VINCA" Institute of Nuclear Sciences - National Institute of the Republic of Serbin. University of
Belgrade Belgrade Serbia

! Ruder Bodkovic Institute, Zagreh. Croatin

Ammeonia borane — AB (formula- NWH3-BH3) has been known for its extracrdinary gravimetric
hydrogen capacity (nearly 20 wi%) and is therefore comsidered as promising hydrogen
storage material Howewver, there are several drawbacks to overcome, namely
dehydrogenation kinetics is rather poor, and three-step desorphion releases comtaminated
hydrogen with each subsequent step requiring significantly higher temperature. In addition,
there are deirimental by-products (e.g., borasine, diborane) that also limdt its practcal
application. Eliminating at least borasine release is possible through the reacton of alkali
metal (M=Li, Na) with AB and producing monometallic amidoborane salts MAB.

In this paper, electronic struchure calculations amd the analysis of charge density topology of
pure AE, lithium, and sodium amidoboranes were performed in order to investigate cohesion
and bonding nature. The influence of the spedfic alkali metal substiution will be assessed
using calmlated IF and Faman specira and analysis of vibrational bands in comparison to
pure AB.
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ABSTRACT

Accurate prediction of reversible metal hydride formation enthalpy is one of the key requirements fior a
rapid design of new hydrogen storage and nickel-metal-hydride battery materials. In the last decades,
DFT (density functonsal theory) spproach showed mood predictive potential for the sround state
properties and accurate energies of hydrde formation. However, caloulatng zero-point energy and
temperatore conributions in addition to 0E formation energy is mmmlmmﬂ\randnm—cmmng

and therefore often aveided, hinderine modelling of experimental behaviour.

Fecently reported approach for universal machine learning in materials science based on a MatErials
Graph Metwork (MEGHet), an implementation of DeephMind's praph networks, demonsirated very low
prediction errors in a broad amray of properties in both molecules and crystals, enabling hydride
formation energy prediction with a DFT acouracy. In owr work, we consider spplications of this
approach to the wide screening of potential dopants in reversible metal hydrde materials, as well as the
potentizl of Tansfer leamning for the unfversal machine-leaming modal capable of addressing all
coniTibutions to hydrogen formation behaviour. Prediction of the formation energies for the Mg and M
containing intermetallic hydrides, as well as the influence of various dopants, provides guide to the
coniribution of chemical natore and local structure to the destabilization of these hydrides.

Eeywords: metal hydride, machine leaming, DFT
INTRODUCTION

In the purswit of renewable energy solutions in the last decades, special attention is
dedicated to the investigation and design of novel matenials, which can serve i energy
conversion or storage processes. Among those, metal hydnides contimue to attract mterest. given
their wide use in hydrogen storage, thermal energy conversion [1] hydrogen compressors [2].
and nickel-metal hrydride batteries [3]. The importance of Mg and Ni in the matenals for these
applications was also determined by the data science approach of Falnama and Sridhar [4].
Magmesium is seen as a potential candidate for stationary and mobile hydrogen storage, but the
high stability of magnesium hydnde lomts its apphications [3]. In order to meet requirements in
regards to the stability of the hydnde, ie., achieve hydrogen desorption at low temperatures,
alloying or doping with other elements 15 studied as a way of hydnde destabilization or
mmprovement of sorption kinetics [6]. In particular, complex Mg hydndes are widely studied
[7]. Mg:NiHs complex hydride is seen as a compromise hetwemlwdmgm gravimetric density
and hydride stability, where Ni acts to loosen the Mg-H bond. As opposed to the Maz:NiHy,
which can be formed by hydrogen absorption in the mtermetallic compound Mg:Ni, synthesis
of Mz:FeHs must be achieved in other ways, since the starting binary alloy is not stable.
Mg.FeHs forms a slightly more stable hydnde than MgH: [8] which is of mterest for
thermochemical energy storage applications [9].
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Begardless of the system m  gqueston, acourately predicting Iydrogen
formation/desorption enthalpy of some ntermetallic compound, and also being able to
determine the influence of various dopants on this property, has been a long-lasting goal of the
research Computational methods developed in the last century, especially the ones relying on
the density fimectional theory (DET), enabled accurate prediction of the electronic structure and
stability of materials, providing tocls for materials design which account not cnly the chemical
nature (as seen in some empirical models) but also the crystal stucture. In particular, predicting
metal hydride enthalpies from the first principles within the error of 3-10 kI/molH: is achievable
for many metal hydnde systems, given that the enthalpy changes mm the hydnde
formation/decomposition rezction (at the temperatures close to the ambient one) can be
reasonably approximated by the change in electronic energy calculated from the first principles
[10] [11]. The contnbution of the ZPE (zero-point energy) is not negligible, and nmst also be
calculated in order to get the most accurate hydrogen abscrption/desorption enthalpies [12].

Lately. development of the artificial neural networks (ANN) and machine learmuing (ML)
applications in materials science promise new tocls that can be frained on the large corpus of
available DET data to deliver predictions of properties of interest with high accuracy and much
greater speed as compared to DFT caleulations [13]. In our work, we demonstrate how DET
calculations can be complemented with a machine leaming approach for a wide screening of
suitable dopants for hydrogen storage applications of Mg:NiHs and Mg:FeHs.

METHODOLOGY
DFT calculations

To model the effect of doping in MgNiH; and Mg:FeHs, band structure caleulations of
these hydrides, as well as intermetallic Mg:Ni, was done using a full potential (linearized)
augmented plane-waves plus local orbitals (FP (L)JAPW + lo) method, as implemented in
Wien?k program package [14] based on the density fimetional theory [13]. The exchange and
comelation effects were included within the generalized gradient approximation using the
Perdew—Burke-Emzerhof scheme. The radi of the muffin-tin non-overlappmg spheres
centered at the atomic macleus were 2.0 bohr for Mg, 1.8 behr for Fe and Ni, and 0.8 bohr for
H. Mixed LAPW/APWHo basis set was used, while the energy to separate core and valence
states was -6Fy. The Brllowin zone integration was achieved via a tetrahedron method using
a mesh of 286 irreducible k-points for Mg:FeHs and 128 imreducible k-points for Mg:NiHs.
Self-consistency was achieved by demanding that the conwvergence of the integrated charge
difference within 1077, The unit cell parameters were optimized, and the mvestigated structures
were relaxed umtil the forces acting on all atoms were less than 1 mE:y/bohr.

The methodology of machine-learning-based predictions

Starting from the fully optinuized umit cells of Mg:NiH: and Mg:FeHs, models of
h{dﬂdﬁs were made, and dopants are selected among the 26 elements, mainly metals, of 4° or
5™ petied in Peniodic system of elements (PSE). Substiution of Mg with other elements in
Mg:NiH: was modelled by creating the supercell Mg;MNisHis, where M represent substituting
atoms listed in table 3. To model the substitution of on by other metals, one of the four
equivalent Fe atoms in the unit cell of Mg:FeHg was replaced with substituting atoms (M) listed
in table 2. resulting in hydrides with supercell fornmla MgsFesMEH24. The unit cells of studied
doped systems are shown in Fig.1. The resulting predictions for energies were scaled to the unit
cells of formmulas Mg MeNiHs and Mg2FessM4Hs where required.
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Fig. 1. Unit cell of doped hydrides a) Mgy aNiHs b) Mg:FesahMigHs

For the prediction of the stability of the studied doped hydrides, a MatEnials Graph Network
(MEGHNet) [16], an implementation of DeepMind's graph networks [17], was used. MEGNet
demonstrated low prediction emmors in a broad amray of properties in both molecules and crystals,

enabling hydride formation energy prediction with a DFT accuracy. Here mp-2019 4.1 model,
trained on data set containing 133 420 data from the Materials Project [18], was used. Predicted
energy of formation 15 in reference to the constituent elements in their standard state, and the
mean absolute emor (MAE) of predicted formation energies 15 0.026 eViatom compared to the
DFT calculated values.

RESULTS AND DISSCUSSION
ML prediction of hydride formation energy

Prediction of the formation energy based on the graph made from the optimized structures
1t shown in Table 1 and compared to the DFT and experimental data. Formation energy for
Mgﬂ'ﬁlsa.kncalx:ula‘tedtodﬂtermlmh}rchﬂe formation energy smce this intermetallic

cmpound is a starting point for the formation of Mg:NiH: (see equation 1, x=0).

Table 1. MEGNet prediction for the mtermetallic stability(AE*") and hydrogen absorption
energies (AEM); comparison to DFT caleulated values (AE ") and expenimental values

(AHna=F)
AFML AF M AF "7 AZPE AHpgq™r
(eViatom) | (JimolHy) | (J/molHy) | (kJimelHs) | (kJimolHs)
03841 1108 | —I0605[19] | <136[20] | S8=3 0]
Mg,Fells 934 [20]
Mz NiH, 03140 801 $10022] | 86031 | -e40p4]
Mz 10 01795

The proposed graph neural network (GININ) approach was shown to reproduce accurately
DFT formation energies, for both intermetallic and hydndes. Therefore, based on the optinuzed
stucture of hydrides and, if needed, the optimized structure of the starting intermetallic alloy,
obtaining hydride formation energy 1s straightforward, and agreement with the DFT results is
good, as seen in Table 1.

However, this approach relies on the knowledge of reaction mechanisms. For example, a
comparison of the AFs"" to the experimentally reported enthalpy for Mg:FeHs decomposition
by Didisheim et al. [21] is very good, having in nmund ZPE change in the reaction. However,
other researchers report formation or decomposition of Mg:FeHs through the intermediate step
of MgH: formaticn, and in such case much smaller expenmental enthalpies have also been
reported, Le. -77 kl'molH; [8]

Further, we consider the effect of doping of vanous elements (labelled M) m two cases:
substitution of Fe with dopant in Mg:FeHe., and substitution of Mg with dopant in Mg:NiHy, as
shown in Fig.1. Parameters were optimized using DFT calculations for the pure hydrides,
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Mg NiH; and Mg:FeHs, starting from the experimental values and allowing volume change,
lattice parameters ratio change (for Mg:NiHs), and relaxation of atomic forces. Basically, the
stueture with minimal energy is selected for a ground state. In such a structure, one of the Mg
atoms 15 replaced with the M atom, where M is one of the elements from the 4th or 5th peniod
of PSE. Details of the supercells used to mode] these compounds are presented i Table 2.

Table 2. Details of the supercells used to medel doping in the studied hydrides

lattice
Ipace group parameter cell;}ngle atom site
nao. (A)

Mg (0.250 0.250 0.250)
M (0.000 0.000 0.000)
Fe (0.500 0.500 0.000)
11 a=b=c=6.437 | a=f=y=90.0 |H (0.242 0.000 0.000)
H (0.742 0.500 0.000)
H (0.500 0.500 0.242)

MesFe;MH:

Mg (0.671 0.435 0.030)
2=13.2516 a=900 | Mz (0329 0.065 0.506)
Mg (0.000 0.000 0.000)
1 Mg (0.500 0,500 0.036)
Mg (0.000 0.000 0.497)
M (0.500 0,500 0.539)
b=14.4283 i (0.668 0.288 0.287)
Ma:MNi:His B=50.0 |15 (03320212 0.249)
H (0.553 0343 0321)
H (0.873 0510 0.200)
H (0.1270.990 0336)
H (0.699 0.208 0.233)
c=64419 | y=1532 H (0301 0.292 0.303)
H (0.674 0300 0.529)
H (0.3260.200 0.008)

The formation energy of M doped Mg:FeHs is equal to the predicted formation energy of the
hydride, since it 1s calculated as:

AE,, = E(Mg,Fe, M H,)-2E(Mg) - (1-0)E(Fe) - xEQM)-3E(H,) (D)

Table 3 summarzes the obtained results. Comparing to the hydride formation energy of the
pure Mg:FeHs, -110.8 kJ/mol, we can see that most of the studied elements (all except Ti and
Zr) as dopants lead to the destabilization of the hydride. This trend is in agreement with earlier
DFT reports for Mn. Ni and Co-doped hydnde [20]. however, the amount of destabilization is
largely underestimated as compared to DFT. For example, Co doping was found to decrease
hydride formation energy by 12.6 kI/molH: [20], while only a 2.8 kl/'molH: decrease is seen in

ML predicted ensrgies.
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Table 3. MEGNet prediction of formation energy of Mgz:Fei M Hs AEM

_[EHL mulﬂ_

M eV/atom kJ/molH:
La -0.3354 971
Be -0.3534 -102.3
HNa -0.3094 -89.6
M= -0.3430 -992%
Al 03505 -101.4
E -0.2708 -T8.4
Ca -0.3359 972
Sc -0.3725 -107.8
T1 -0.3861 -110.7
vV -0.3785 -109.6
Cr -0.3703 -107.2
Mn -0.3782 -109.4
Co -0.3732 -108.0
it 03505 -101.3
Cu -0.3257 943
Zn -0.3235 936
iza -0.3284 =951
Sr -0.3264 945
T -0.3617 -104.7
Zr -0.4009 -116.0
Nb -0.3751 -108.6
Mo -0.3831 -112.3
En -0.3804 -110.1
Fh -0.3758 -108.8
Pd 0374 -1084
Ag -0.32040 926
In -0.3323 -96.2

Further, we discuss the substitution of Mg in reversible hydnde, Mgz:NiH:. Hydnde is
formed by hydrogen absorption in Mg:Ni, and hydnde formation energy of doped hydnde 15

calculated as:

AE,, = E(Mg, M, NiH,) - E(Mg, M, Ni) - 2E(H,) @
Since formation energy prediction is i reference to the elements in their standard state
equation 2 becomes:

AL = AEM (Mg, M _NiH,)— AE™ (Mg, M_Ni). 3

The results are presented in Table 4. Companson of the results to the DFT work shows
excellent agreement for the Co and Cu dopmg: DFT calculated formation emergy of -
66.6k]'molH; and -65.6 kl'molH: for Co and Cu doped Mz:NiH; respectively, 1s reported [25].
However, one should have in mind that Mg is inmmiscible with V, Cr, and Fe, and therefore amy
temary phases tend to decompose into more stable binary intermetallics upon cycling.
Therefore, the approach we used for the prediction of hydnde formation energy might lead to
overestimation of the doped hydnde stability in some cases.

a7 WWW.CYSENIL.COM



Table 4. MEGHet prediction of formation energy (AE") of Mgz M. MH, and Mz oM M1, and

predicted hydride formation energy AF:*

AL lfm‘f—'ilg_:,.lu‘ﬁﬂﬂ Emﬂm-nﬂ I_Ehum
- el atom eV atom kJmolH2
L1 -0.3273 .1673 -36.3173
Be -0.2240 01275 -57.1927
MNa -0.3222 -0.1007 54234
Al -0.2691 0.2200 -59.0356
E -0.2787 +0.0101 -95 58
Ca -0.3395 0.1096 -98.7882
Sc -0.3705 0.2572 -37.8943
T -0.3451 0.1908 -89. 2649
v -03114 0.1321 -36.0423
Cr -0.2947 01048 -84.3827
Mn -0.3002 0.1198 -54.0402
Fe -0.26599 0.0852 -TE.8154
Co -0.2581 {0.1151 -70.3583
Cu -0.2667 0.1589 -67.0681
Zn -0.2658 0.1935 -61.7563
za -0.2533 0.2151 -54.409
Sr -0.2999 £0.0370 859225
Y -0.3707 -0.2084 -95.0252
Zr -0.3686 02167 -931.1148
Mb -0.3268 0.1485 -88.8604
Mo -0.2894 £.0819 -85.8783
En -0.2598 -0.1445 -66.8076
Eh -0.2845 0.2263 633244
Pd -0.2901 0.2350 -63.9564
A= -0.2638 £.1675 -54.8441
In -0.2674 20,2010 -51.2114
Figures 2 and 3 visualize the dopant effect in the studied cases, for the dopants belonging to the
4% gpd 3 penods.
= R = Mg,M,Fe, H,
E = Mg, M, NiH, F
i 20
) A
= - L]
& - - = 10
w i . -
s W=l s savaere N B e e B [ ——_——| -0
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€ i e
"'!-1 ) - L 20
A K Ca & T ¥ & Mn Fe Co Wi Cu Zn Ga Sr

Fig. 2. Plot of the doping effect of 4% period elements on hydride formation energy for b)
Mg-FessMy4Hs (orange, left) and MgrsMyNiH; (puple. right)
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Fig. 3. Plot of the doping effect of 5% period elements on hydride formation energy for b)
MgFesaMiaHe (orange, left) and MeyehyaN1H: (purple, night)

Comparing the influence of dopants in Mg:FeHs and Mg:INiHs, we can conclude that due
to the local structure and nature of the element being replaced (Mg or Fe) qualitatively different
behaviour is seen, for both 4% and 5*-period elements as dopants. Choice of the substitution
element in MgaNiH: can be made such to either destabilize or stabilize hydnde and in
we see that elements from the left part of the peried cause increase in the stability of the hydride,
while larges destabilization is seen for the elements at the nght end of the period. The main
reason of such phenomena could be in the strength of the bond that such of the elements make
with hydrogen — this trend resembles stability of binary hydrides, which decrease down the
peniod. For the substitution of Fe in Mg:2FeHs, we can see that the larger the discrepancy of ron
and dopant element electronic structure, the larger destabilization can be expected. However,
given the coordination of 6 hydrogen atoms arcund Fe 15 related to the iron electronic structure,
a change of the coordination in the doped hydndes is also expected. Looking at Figs. 2 and 3,
we can also conclude that the sraph approach of the used model is suitable for addressing the
mfluence of both chemical nature and local structure. Feservation in regard to these results is
related to the absence of relaxation of the doped stuctures, and significant quantitative
difference between DFT calculated and ML predicted formation energies for the Mg.FeHs
doped systems. Therefore, further steps in machine learming for the stucture optimization as
well as the optimization of the GNN model would ensure the most accurate predictions of
hydnide formation enthalpies.

Discussion of the potential of transfer learning to the prediction of hvdride formation
enthalpy

In order to make a highly accurate prediction of the expenmental values of hydride
formation enthalpy, besides the prediction of DFT electronic energy, the contmbution of ZPE
should also be added. MEGNet models are tramned to predict ZPE for melecules; however, these
commputations are very demanding for crystals, and results are reported for a small mmber of
compounds. Instead of training on the calculated ZPE data, we considered traming a model on
experimental data available in the DOE SNL database [26] and listed in literature [12]. Ths
corpus of experimental data related to the reversible metal hydndes 15 intersected with the
Materials project database [12] to obtain structures and energies of the starting metal/alloy and
comesponding hydride, and form a graph representation input of the hydride. However, this
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search 15 limited omly to the cases where a single, known, crystal stucture of the alloy and
hydnde phase occurs, and this is not se often the case in experimental work. Therefore, only 34
hydndes were found, and the experimental enthalpy and DET calculated hydride formation
energy is presented in Fig. 4.

Enthalpy of hydride formation (kJ/molH;)
. %2:5%%5%%;%%%%:?‘3“
ZosT=2z_Zx=22uzPc R8T H AEZEIEZicREEs
FZELEREzR IR EZCERERAREEEERdE g

e OFT - exp,

Fig 4. Companson of the literature values of hydnde formation enthalpy and DFT calculated
hydride formation energy from Matenals project data [18]

On this dataset, we tred to apply transfer leamning, relying on the embeddings obtained in the
MEGNet model, to account for ZPE and other reasons for discrepancies. However, this dataset
was shown to be too small for such a task, and overfitting dunng training could not be aveided,
given that caleulation of property such as ZPE requires a complex architecture of the ANN. An
additional problem comes from the fact that ANN should also be frained to predict the most
stable structure of the staring mtermetallic compound (for example, in here studied case, to
know that Mg-FeHs will be formed directly from elements, while Mg:NiH; will be formed
starting from the stable Mgz:Mi intermetallic compowund). Therefore, future work 15 expected to
solve these problems and address adaptation of GNN for the complex problematics of hydnde
formation.

CONCLUSION

In this work, we consider the application of machine leaming to the prediction of hydride
formation energy. MEGNet model 15 used to predict the stability of MgNiH:, Mg:Ni, and
Mg:FeHs. as well as the hydnde formation energy of Mez-M-MNiHs and Mg:Fe--M:Hs, where
M is ome of 26 elements, mainly metals. Good agreement with DET results is seen for Mg
vIzMNiHs doped hydrdes, while for Mg:Fe;<M:H; trend is predicted but the dopant effect is
underestimated Comparing the influence of dopants in Mg:FeHs and Mg MNiHs, we show how
hydnde formation energy can be tuned, and how, due to the local structure and nature of the
element being replaced same dopants have different influence. Choice of the substitution
element in MegaINiH; can be made such to either destabilize or stabilize hydride and in general
we see that elements from the left part of the pericd canse increase in the stability of the hydnde,
while larges destabilization is seen for the elements at the right end of the peried.

In order to predict experimental values with high aceuracy, additional factors n addition
to formation energy must be taken into account. In particular, temperature effect should be
considered, and ZPE contmbution should be added, given that vibrations of a light elements
{such as Li or Mg) as well as hydrogen atom are not negligible in the hydrides. We propose that
this can be done by using transfer leaming and MEGNet embeddings in combination with
experimental data. We demonstrate good accuracy for the fast sereening of potential dopants,
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and further steps in the application of this approach are related to the improvement of the model
for the doped systems, as well as pre-step of machine leaming relaxation of the doped structures
prior to the prediction of hydnde formation enthalpy.

ACENOWLEDGEMENT

The research was fimded by the Mimistry of Education, Science and Technological
Development of the Fepublic of Serbia.

EREFERENCES

[1] HIESHEE M. YARTIS, V. A et al Materials for hydrogen-based energy storage
— past, recent progress and future outlook, Journal of Alloys and Compounds,
2020, Vol 827, p. 153348

[2] LOTOTSEYY MV, YARTIS V.A POLLET B.G BOWMANIE F.C.
Metal hydride hydrogen compressors: A review, Infernafional Joumnal of
Hydrogen Energy, 2014, Vol. 39, Mo 3, p. 58183851

[3] OUYANG, L. HUANG, ), WANG H. LIU, I, ZHU M. Progress of hydrogen
storage alloys for Ni-MH rechargeable power, Marerials Chemisiry and Physics,
2017, Vol 200, pp. 164-173.

[4] PRAHNAMA A SEIDHAR 5. Application of data science tools to determuine
feature comrelation and clustermetal hydnides for hydrogen storage, Mafarialia,
2019, Vol. 7. p. 100366.

[3] OUYANG L.LIU F, WANG H.LIU J YANG, X-5,S5UN, L. ZHU M.
Magnesium-based hydrogen storage compounds: A review, Journal of Alloys and
Compounds, 2020, Vol. 832, p. 154863,

[6] GRBOVIC NOVAKOVIC, ], NOVAKOVIC. N, ET AL Influence of Defects on
the Stability and Hydrogen-Sorption Behavior of Mgz-Based Hydndes, Chem Phys
Chen, 2019, Vol. 20, No. 10, p. 1212-1247.

[71 BARAN A POLANSEL M., Magnesium-based materials for hydrogen storage -
A scope review, Materials, 2020, Vol. 13, No.18, p. 30903,

[8] DOENHEIM, M., DOPPIU, 5, BAREHORDARIAN, G, BOESENBERG. U,
ETASSEN, T.. GUTFLEISCH, O., BORMANN, E. Hydrogen storage in
magmesium-based hydndes and hydride composites, Scripta Materialia, 2007, Vol
56, No.10, p. B41-847.

[9] DENTEEMONT, A CORGNALE, C_ SULIC. M, HARDY B. ZIDAN E.,
MOTYEA, T. Modeling of a thermal energy storage system based on coupled
metal hydndes (magnesivm iron — sedivin alanate) for concentrating solar power
plants, Infernational Jowrnal of Hvdrogen Energy, 2017, Vol. 42, Ne. 35, p.
2251822529,

[10] ATLAPATL 5V, KAFRT JOHNSON, I, SHOLL D5, Using first principles
caleulations to identify new destabilaized metal hydride reactions for reversible
hydrogen storage, Physical Chemistry Chemical Physics, 2007, Vel. 9, No.12, p.
1438-1452.

[11] Batalovic. K. Radakowvic, I, Koteski V., Savié, M. Density fimetional theory
guide to structure and thermodynamics of metal hydrides — Case study of (TL Zr,
HANi intermetallic compounds, International Jownal of Hydrogen Energy, 2013,
Vol 40, No.38, p. 13029-13035.

411 WWW.CYSENLCOM



[12] BOURGEQIS, N., CRIVELLO, I.C.. CENEDESE, P_JOUBEET, JM A
systematic first principles stody of binary metal hydndes, ACS Combinarorial
Science, 2017, Vol.19, No 8, p. 513-323.

[13] CHEN.C,ZUOY_  YE,LL H, W, DENG, Z,C., ONG 5P, A Cntical Review
of Machine Leaming of Energy Materials,” ddvanced Energy Materials, 2020,
Vol 10, No 8 p. 1903242,

[14] SCHWAERZ K. BLAHA P, MADSEN, GE H. Electrome structure calculations
of sclids using the WIEN2k package for matenial sciences, Computer Physics
Communication, 2002 Vel 147, Ne. 1-2, p. 7T1-76.

[13] EOHN, W., SHAM, L.J. Self-Consistent Equations Including Exchange and
Correlaion Effects, Physical Review, 1965, Vol. 140, p. A1133.

[16] CHEN,C,YE W.,ZUO Y.  ZHENG, C.,ONG 5P, Graph Networks as a
Universal Machine Leaming Framework for Molecules and Crystals, Chemisay of
Maderials, 2019, Vol. 31, No 8, p. 3564-3572.

[17] BATTAGLIA P'W. HAMRICK, JB., ET AL Relational mductive biases, deep
learming, and graphnetwm‘ks aan Z{IIE [refﬂ'.red D]].ﬂlf.‘ 3th of March in 2021
y.]. Link to the intemet = | i 26]=

[18] JAIN, A PING ONG, 5. Cnmmentar_'," The Matﬂ'lals- Project A matenals genome
approach to accelerating materials inmovation, 4PL Materials, 2013, Vol. 1, p.
011002,

[19] RI 5-I, HONG, 5-1, KIM, I-C., WI, J-H., Excellent destabilization effect and
1deal desorption temperature i the hydnde Mg:FeHs substituted with ytnum: a
first principles stady. Infemational Jownal of Hydrogen Energy, 2021, Vol 44,
No. 5., p. 3310-3328,

[20] BATALOVIC, K, RADAKOVIC, J., BELOSEVIC-CAVOR. I, KOTESKL V.
Transition metal doping of Mg:FeHs - a DFT insight into synthesis and electromic
structure, Physical Chemisiry Chemical Physics, 2014, Vol. 16, No.24, p. 12356-
12361.

[21] DIDISHEIM, 1), ZOLLIEEER. P.. YVON, K., FISCHEE, P., SCHEFEE. .,
GUBELMANN, M., WILLIAMS A F. Dimagnesium Iron(IT) Hydrde, Mg:FeHs,
containing octahedral FeHs * Anions, Inorganic Chemisay , 1984, Vol. 23, No 13,
p. 19533-1957.

[22] ZANG,],ZHOU DWW, HE LP, PENG. P, LI I5. First-principles
mvestization of MgINi phase and high/low temperature MgMNiHs complex
hydndes, Jowmal of physics and chemistry of solids, 2008, Vol. 70, No.1, p. 32-39.

[23] JIANG, T, ZHANG, 5., HUANG, 5., WANG, P., TIAN, H., Density functional
theory studies of Yb-, Ca- and Sr-substituted Mg:NiH: hydrides, Computasional
materials science, 2013, Vol 74, p. 35-64. [24]

[24] VAYARTIS MVIOTOTOSEYY ET AL, Magnesium based materials for
hzdrogen based energy storage: Past, present and future, Infernational jourmnal of
hydrogen energy, 2019, Vel 44 No 13, p.7809-7859

[23] VAN SETTEN, ML.I, DE WIIS, G.A., BROCKES, G. Ab mific study on the effects
of transition metal doping of Mg:NiHs, Physical Review B, 2007, Vol. 76, p.
075135,

[26] Hydrogen Storage Matenals Database, [referred on the 1# December in 2020 y.].
Link to the infemet == hitp:(hvdrogenmaterialssearch sovtools.us/search aspx=.

417 WYWW.CYSEMILCOM |



2. T. Panti¢, K. Zagar Soderznik, S. Sturm, S. Drev, A. Mitrovi¢, S. Kurko, B. Paskas
Mamula, N. Novakovi¢, J. Grbovi¢ Novakovi¢, 1. Milanovi¢, S. Milosevi¢ Govedarovic.
Microstructure and thermal behavior of Mg-V thin films for solid state hydrogen
storage. MCM2019 - 14™ Multinational Congress on Microscopy, September 15-20,
2019 in Belgrade, Serbia, PROCEEDINGS pg. 484-486.

.,-‘." ':—" “ s
b .

-

I\ I Vi N

a2,

\’ \S\ _‘__\"'
E

Fy

7




MCHZO0T9
12™ MULTINATIONAL CONGRESS ON MICROSCOFY

TITLE:
Proceedings From the 14 Multinational Congress on Microsoopy, September 15-20, 2019, Belgrade, Serbia

FUBLISHERS:

Uniwversity of Balgrade, Institute For Biological
Ressarch "Sinifa Stankowvid”, Mational Institute of Republic of Serbia

Serbian Society For Microscopy, Serbia

FOR PUBLISHERS:
Dir. Mirjana Mihailowic
Dir. Jasmina Grbovic Maovakowic

EDITORS:

Dir. Jasmina Grbovic Movakowic
Dir. MataZa Mestorowid
Dr. Dragan Rajnowid

ISBN 978-86-80335-11-7

PRINTC

HKnjigoweznica i kartonaa Grbowvic M. Milica, M. Gorkog 43, Beograd N000, Serbia
30 e-copies

Copyright © 2019
by Institute for Biological Research “Siniga Stankovic” and others contributors.
All righits reserved. No part of this publication may be reproduced, in amy Form or by any means,
without permission in writing from the publisher




MC]
14™ MULTINATIONAL CONGRESS ON MICROSCOPY

Microstructure and thermal behavior of Mg-V thin films for
solid state hydrogen storage

T PANTIC!, K. ZAGAR SODERZNIK?, 5. STURM?, S. DREV?, A. MITROWIC!, 5. KURKCO', B.
BASKAS MAMULA! N. NOVAKOVIC! 1. GRBOVIC NOVAKOWIC! 1. MILANOWIC!, 5.
MILOSEVIC GOVEDAROVIC

1 Centre of Excllence For Renewable and Hydrogen Energy — CONVIMCE; Vinéa Instituts of Muclear
Seiences, University of Belgrade, Serbis; ? Jo2eF Stefan Institute, Ljubljzna, Slovenia

Introduction

The study on hydrogen storage properties of Mg-based thin films is widely conducted due to
the fact that they enable controllable design of important properties such as the microstructure,
interface, surface and particle size.

The advantages of thin film hydrides over bulk materials and powder [1-3]:

* larger surface area — faster kinetics of dehydrogenation

* lower pressure and temperature of desorption

* composition, interface and crystallinity can be accurately tailored on the nanoscale

* the hydrogen absorption and desorption mechanisms are also easily deduced by modeling
and the fitting cal culations

* protective coating could be done in order to improve the rate of hydrogenation and reduce
the oxygen contaminati on

* additionaly studied as “swilchable mirrors™ as they exhibit optical and electrical changes
upon hydrogen absorption and desorption

* potential application as hydrogen sensors, energy-efficient windows, solar absorbers. ..

Experimental:

Manccrystalline thin films were synthetized by non-equilibrium processing by co-deposition using a
multi-source magneton sputtering system Kurt I Lesker (KJLCCMS-18)

- =
In order to increase hydrogenation rate ion irradiation with H- and Xel0+ ion has been applied.
Irradiation were done on FAMA ion source at Vinca Institute of Nuclear Sciences. Distribution of
defects (Frenkel pairs) in the near-surface region was estimated by Monte Carlo simulations

The samples for STEM analysis were prepared by conventional cross-section sample preparation
technique. The samples were cut, ground, polished down o approx. 100 pm and, afier dimpling,
thinned down to electron transparency using Gatan PIPS ion-milling sysiem.

For the structural and compositional stdies, we wsed a probe Cs<orrected scanning transmission
electron microscope (Jeol, ARM 200 CF, STEM) operated at 200 kV, equipped with electron
dispersive X-ray (EDX) spectrometer (Jeol, Centurion SSD) and electron energy-loss (EEL)
spectrometer ((atan, Quanium ER Dual EELS).

127 &+
TOF-ERDA measurements were done using 20 MeV T beam. Analysis of TOF-ERDA spectra
‘was done using program Potku,
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Results and discussion:

To investigate the microstructure and composition of Mg-V layered structure, STEM with EDX
mapping were applied on irradiated and hydrogenated samples. Figure 1 shows Mg-V sample
irradiated by H ions. BF-STEM image (Fig. 1(a)) shows layered structure of Mg (appr. 25 nm
thick) and V (appr. Inm thick) which is distorted due 1o the ion beam direction. The EDX mapping
(Fig. 1(b-d)) shows presence of Mg and V elements. During the irradiation the V diffused into Mg.

Figure 1. Mg-V irradiated with H" ions with fluence of 107ion/cm®. (2) BF-SSTEM image of Mg
and V layers. Bright area is Mg layer with thickness of appr. 25 nm, and black layer is V with
approx. 1 nm thick layer. (b-c) EDX mapping, with (b) MgK line, (¢) V-K line and (d) Mg-V
overlap.

In contrast to non-hydrogenated sample the BF-STEM image of irradiated and hydrogenated sample
shows completely different microstructure (Figure 2(a)). We observed severe microstructural
changes. Mg and V layers were transformed to large crystals and the sample became beam sensitive
and brittle. The EDX mapping from selected region (Fig 2(b-d)) shows the presence of Mg, V and
O. The samples are oxidized during sample treatment (?), but the results from TOF ERDA analysis
shows successful hydrogen diffusion into samples.

Figure 2. Mg-V irradiated and hydrogenated. (a) BF-STEM image of Mg and V layers. Bright area
is Mg layer with thickness of appr. 25 nm, and black layer is V with approx. 1 nm thick layer. (bc)
EDX mapping, with (b) Mg-K line, (¢) O-K line and (d) V-K line.
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Quarntitative depth profiles of TOF-ERDA show difference between irradiated only and irradiated
plus hydrogenated films. While in irradiated samples hydrogen is observed on surface,
hydropenated films show hydrogen distribution through whole depth.

Also, after hydrogenation there is mixing beb layers and sut given that hydrogenation
process leads to self-diffusion of metal atoms.
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HYDROGEN INTERACTION WITH T10; SURFACE

Radojka Vujasin’, Bojana Paskas Manmla,
Jasmina Grbovic Novakovic. Nikola Novakowe

Finda Insiitute of Muclear Scwences, Universoy gf Belgrade, P.O. Box 522, 1100] Belgrade, Seriia

ApsTract. The hydrogen interaction with the matdle Ti0y, {110) surface has been
mvestizated. Mumerical model was set up to perform first principle calculatons
tased on density fimctional theory, uwsing CPMD code Moleoolar dynamic
simulations were performed to mvestigate the impact of hydrogen surface
coverage on the properties and behavior of the system.

1 Introduction

Titznium diomide atiracts a lot of mterest because of 1= low price. non—tocierty and safe nsage. Ti0,
15 matenal used m wide vanety of industiies. such as m emvwronmentzl appheations and elesctrome
deveces. De to 1ts electromc and ophical properties. Ti0; 15 knowm a5 a good catabst. I was shown
that addition of metal coodes can moprove sorphion properties of magmesmm hyvdnde. one of the most
proousing materials for hvdrogen storage [1. 2] Development of approprate hyvdrogen storage
matertals 15 moportant for safe and sustamable mplementanon of hydrogen econonyy.

Studies on hydrogen behaviowr and motion through omde swface have been done to understand the
mechamsm of the reaction [3]. Yin et al [4] have wvestizated hydrogen coveraze on TaD; (110}
swrface under different expenmental condions of exposwre to atomae hydrogen. Thev obtained that
maxmmum H monolaver coverage on T10: (110} swface 1 only 70%: at room temperature. regardless
of applied parfial pressure of kovdrogen The same gmoup conformed that dunng heatng of the
hydrogenated sample. H atome nuzrate into Telh bulk Eowal:ki et al. obtained the same results [3].
Thiz 15 unusual behaviour, since desaption of H, (or HyO) molecules into the zas phase 15 common
charactenstic of kydroceylated conde surface.

Filippone et al camied out research which showed that hydregen behaves as a deep doner m rutile
phase and forms an OH" complex by mteraction of H atom with cocveen vacancy, where H formed
bond with a prevailing tome character [6]. Thev have showed that electromic localization effects

freatment have major mffusnce on natwe of bonding and charge distmbution due to loedrogen
incorporation. Also. Ti™ species are formed as a result of localization of H and OH™ electromic levels

on some T1 neighbours.

Theoretical myvestigations of rutile Ti0), wath one H and two H atoms adsorbed on the (1100 surface
were perform with the intension to exapune its influence on lordrogen swrface coveraze on the
proparties of the svstem at dufferent temperature.

" Correspanding suthor. E-mail: radojka vijasin@email com
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2 Details of calculations and results

TMumerical study 15 paformed by CPMD (Car—Paninello Molecular Dhmamics) code [7. 3] wiuch
uses a plane wave pseudopotentizl implementation of Density Funetional Theory (DET) [2. 10]. We
use the CPAD compiled with Intel Fortran Compiler, METL (Wath Eemel Library), ACKL (AWND
Care Math Library) and MPI (Message Passing Interface) parallelization on the lagh pafomance
EMEA CEESCO computing facilities [11].

Char svstem 15 Tk slab supercell with 21 atomme lavers with total of 84 atoms of TeOr and l or 2 H
atoms. The surface of the supercells was separated from its perodic Image in direction 1

to the (1100 swface by 13 A of vacuum The cell parameters were a= 39779 & b=66124 & —=
37.0424 A Three bottom lavers were foced to sinmlate the bulk. Trouller—Iarins mormeonsernvmg
peendopotentials wath GGA-PBE exchange—comrelation potental were used for all atoms [12. 13].
The electromic wave functions are expended m plane-wave basis set with a kmetic energy out-off
equal to 70 Exv.

Two systents were ivestigated. The first one with cne H atom (marked with Te0,-1H svstem), in the
first atomue laver, has 50% of surface coverage The second svstem (labelled wath Ti0:-2H system)
has two H atoms and 100%: of surface coverage. One H atom 15 postioned near O atom in the fost
atonuc layer, and the other is posifioned near O atom m the second atomac laver. H atoms are mitially
postitoned at distances coresponding to short O-H bond (approcomately 1 A) m all cases (see Fig.
L

1a) 1k)

6ot -

NSRS

Fiz. 1. 5lab supercell of Ti(k, surface with H atoms on the swrface after geometry optimization. a)
Ti2:-1H system b} Ti0:-2H system (T1 atone — blne, O atoms —red. H atome - whate spheres).

Total energy caleulaton followed by geometry optmmisation was performed for both systems.
Structural analvsis after geomety optmmsation was analvsed. In the Fiz 1a) and 1b) are showm
supercells of syvstens after geomeny optinmzation Ionie relaxatoms show that there are mo
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differences in systems comparing to O-H distances. in both cazes are 0.98 A. The addition of the
second H atom only shzhtly disordered the atoms m the first layer of the supercell

3

2b)

Ja)

Fiz. 2. Snapshot of the systenx: after 3 ps MD sinmlations at 430 K a) Ti0:-1H system b) ThO:-2H
system (T1 atoms — blue, O atome —red. H atonx - winte spheres).

MD zimmlations at constant temperatwrs and constant volume were performed after geomety
optimisation of the systems. Temperatures used i simulations were mn range 200-300 K in steps of
30 K. MD zmmlations were parformed for about 3 pz with timestep of 4 a.u. at each temperature and
hydrogen atoms behavior were charactenized. Snapshot of the systems after MD cimmlanons at 430 K
are shown in Fiz. 2. Displacement: of atoms in supercell structure are noticeable in both systeme. H
atoms are still on the swface near O atoms at the distance of about 1 &

To conclude, we performed geometrv optimization and MD sinmlztions of runle Ti0, (110} swrface
with adsorbed H atoms to investizate pozsibility for hydrogen uptake by titamum dioxide duning the
heating of the system Heating the systems up to 500 K cauzes a disorder in both systems without
changes H swface coverage.
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CHARACTERIZATION OF PYROPHYLLITE FOR POTENTIAL USE IN WATER
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Govedarevic 5.7, Paskas Mamula B. '
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Abatract Waler pollution has kecome a major source of concern and pricrity for society. So, it is important to find an
adeguate solution for its purification. Due to pyrophylliie's great physicochemical charactenstics and distibulion in
nature, it is used in mary industies as wel as for wastewater treatment. In this study, the characierizaion of
pyrophyliite was done with certain methods, i order to see fhe changes that ocourred after modification, for possille
use as a ceramic membrane for water filration. Firstly, pyrophylite was wlrasonically punfied, then pastiles were
made under the pressure of 30 MPa, and thermally treated at the temperature of 1030 °C in a fime interval of 2-6 h.
The methods that were used for the characienzation were: X-ray structural analysis (XRD), infrared spectroscopy with
Fowrier fransform (FTIR), scanning electron micrascopy (SEM), Raman spectroscopy, as well as thesmal analysis
methods, thermogravimetric analysis (TGA] and differential fhermal analysis [DSC). The themal treatment removed
impurities present in the sample and excess waler was released. Also, amorphizafion and dehydroxylation were
noticed, as well as a homogenecus arangement of pores.

Keywords: Pyrophyilite; Water Folluton; Ceramic Membrane; Walsr Filration.
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The influence of defects on hydrogen sorption from magnesium-based
composites and thin films
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Novakovie', Sanja Milodevié Govedarovié' and Jasmina Grbovié Novakovié!
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Sciences - Wadonal Institate of the Bepublic of Serbia, University of Belerade, Mike petrovica Alasa 12-14, 11351 Belsrade, Serbia
Deparment for Nanostrucrared Materials, Fodef Stefan Institate, Tamova cesta 39, 1000 Liubljana, Slovenia

The kinstics and thermedynamics of bydrogen uptakerelease
remain the maim drawback for the practical application of
magnesium bydnde (MgH:) since its high thermal stability.
Thers are possible ways of modificaton and destabilization
of smuchoe in order o improve bydrogsn  storage
charactenistcs, sach as mechanical milling, the presence of
additives (metals, metal exides, non-oxide ceramics, amides,
amines, eic.), alloviog, ion imadiaton. Mechanical milling
inreduces defects imto the material which lead:s to an
improvement in reacdon kinetics, especially hydrogen
diffiazion. Also, the particle size is reduced and the specific
surface area of the matemial is increased, which shortens the
desorption path of hydropen, thersby accelerating the
desorption process and reducing the desorption temperamue,
Ion bombardment inoduces vacancies, dislocatioms, and
micro-chanzes into the material surface laver, ncreasing the
mumber of macleation cemiers. While mechanical millingz
represemiz  the simple apd fast way  for  sowcore
destabilization, thin films are a great way fo moniter the
influence of micrestacture and'or additives on sption
propertiss under conoelled conditions. They are particularly
suitable becanse of the fact that ion bombardment cam be
used to control a certan concentration of defects ar certain
depths by simulaton predictions. Milosevic et al. showed that
after milling MgH: with V0. the kinetics of bydrogen
sorpion were significantly alfersd due to the presence of a
mmltivalent V iz V02'VH system [1]. Duning mechanical
milling, vamous additives are added fo act as so-called
catalysts andor milling agents, which may produce
additional defects, delay agghmmu.un. and thus lmmwt'h.e
sorption properties of MgH. Ratkovic - Lovre and her
colleagnes myestigated the effect of modification of MgH:
films by Ar*' ioms, and it was found that fon bombardment
intreduced imiformly distributed vacancies in the surface
layer of the film [2]. This shady aims to investizate the effact
of deferts in the wolume and on the surface of the material.
The first part will deal with the influence of defects created in
wolume, on compesites synthesized by mechanical milling at
different parameters and different ameounts of additives. The
second part deals with the study of the influence of surface
defects on soqpiion properties by bombarding thin films with
H- and Xe* ions.

A zeries of MeH: composites with different waight percent of
Wn additive (3, 10, and 15 wi3) is synthesized under

different milling condition: m the SPEX 5100 and SPEX
20008 wibration mills, Milling is camied out in an argon
atmeosphers to avold bydrowide formation due fo the presence
of moishare in the air Microsroctural charactenizagon is
parformed by scaoning electron microscopy (SEM), which
will examine the change in particle morphelogy after milling,
as well a3 the distmibation of additives in MgH,. The change
in parmicle 5izeism-un.t:med.usinga.lasamenhudﬁar
determining the pamicle size distibution [PSA).
desorption pmpems of the composite are fested ‘n't
differential scamminz calorimeoy (DSC).  temperaturs-
programmed desorpton (TPD), and the Shvent hydrogen
sarption analysis method (H5A). The desorption process of
H: from the compesite is analyzed by Stting the experimental
data using differsnt kinetic modsls,
Thin films consistng of altemating Mg (30 nm) and V layers
(1 nm) with 10 repetitions were synthesized by magnstron
sputtering and medified by ion imadiation using H- and Xe*
ions at FAMA ion somrce Time-of-flisht elastic recoil
detection amalysis (TOF-ERDA) shows the concentration of
glements in the flm as well as their depth profiles. The
microstrociure and composition are examined by scanming
mansmission elecron  micrescopy  (STEM) with EDX
Apping
Mechanical milling and the addition of Wi, introduced the
defects into the MgH: bulk. The particle size is reduced and
there is a decrsase in desorption temperanire comparsd to the
as-received MgH: Composites with a higher ameount of
additive show faster hydrogen sorption. TOF-ERDA results
show that ion-iradiation induced defects improve hydrogen
absorption. Surface defects play a major rele in sorpiion
reaction as they promote hydrogen dissociation
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Metal hydrides by design — insights from DYT and data science

Eatarina Batalovié!, Bojana Paskas Mamula®, Jana Radakovic!, Mirjana Medié [i¢!, Bojana
Kuzmanovié!
'COWNVINCE - Center of excellence for bydrogen and renewable ensrgy, Laberatory of muclear and plasma physics,
VINCA Institute of nuclear sciences — national institate of Fepublic of Serbia, University of Belgrade
P.0Box 512, 11 000 Belgrade, Serbia

Clean emergy solutions rely oo various hydnde matenals, for
bath hydrogen storage and hydrogen proeduction. In our waork,
we address the pessibility of nining the properties of the most
attractive bydrades: Mz-based hydrides, AIH; and NaBH.,, by
doping.

Deensity functional theary (DFT) is used to address the
stability apd elecoromic stmucture of the sudied doped
hydrides. Incorporation of the dopant atoms as substitotional
and‘or mterstitial mypurities in the a-A1H,:, f-AIH, and MgH:
is considered]1.2]. Fiz.l. presents relazed supercell of a-
AlH, doped with Ti, which was demonstrated as one of the
best dopants for stabilization of this bydride.

T
0 .
e

Figure 1. Supercell of Ti-doped a-AIH:

For the studied AIH, polymorphs we found that their stability
is determined by the chemical nafure of the dopant rather
then the crystal stmactore of the hydride.

In addition to DFT, daf science tools offer new perspectives
for desien in materials science. In this work, we demonsoate
an  exploratory data science smdy, dome wsing am
unsupervised machine learming approach. Besides results
obiained m our OFT shadies, we assessed ower 500 hydride
cakculaton data found in the NOMAD archive [3] to
undersfand the relevant inmer stuchue of the hydride dataset
containing AUH:, MgH: and NaBH hydrides.

Finally. we employ artficial neural network meodels bazed on
the zraph neural metwaorks, includmz MEGNet [4] and our
custom-developed model to predict  thermodynamical
properties of the doped hydrides based solely on the hydride
crystal  smucnoe  or  the orystal  stocrure of  the
metalintermetallic compound.
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Thermally activated pyrophyllite as ceramic membrane

Katarina Tosic'. Bojana Paska Mamula'. Nikola Novakovic', Mirjana Medi¢ Ili¢',
Igor Milanovic!, Silvana Dimitrijevié®, Jasmina Grbovié Novakovié!

!Centre of Excellence for Hydrogen and Renewable Energy, Vinca Institute of Nuclear
Sciences - National Instifute of the Republic of Serbia, University of Belgrade, POB 522
Belgrade, Serbia, The Mining and Metallurgy Institute Bor, Zeleni bulevar 35, 19210
Bor, Serbia

Due to pyrophyllite good physico-chemical characteristics, such as low electrical and
thermal conductivity, good mechanical strength. low coefficient of expansion and excellent
stability during heat treatment, it is widely used in many industries. such as industry paper.
plastic, ceranucs, rubber, plants, bricks and cosmetics, but also for waste treatment water. In
this paper, the thermal modification of pyrophyllite is performed at a temperature of 1050 °C
m a time interval of 2-6 b under a pressure of 30 MPa, in order to obfain ceramic
membranes for purification of pollutants in aqueous solutions. Prior to thermal freatment
natural pyrophyllite clay is ultrasonically purified to remove other mpurities. The changes
that occurred after the thermal treatment were monitored: X-ray structural analysis (3ED).
mfrared spectroscopy with Fourier transform (FTIR), scanning electron microscopy (SEM),
Faman spectroscopy, as well as thermal methods of analysis, which monitored the thermal
stability of the obtained material.
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Al-ions Charge Storage Ability of the Conductive Polyaniline Emeraldine
Salt

Bojana Enmmanovic', Eatarina Batalovié!, Bojana Paska® Mammla', Muojana Medié Ihé! and Milica
Visjkovié®
'Finda Institute gf Nuclear Sciences — National Institute of Republic of Serbia, University of Belgrade
P.0.Box 522, 11 000 Belgrade, Serbia
*University of Belgrade — Faculty of Physical Chemistry, Studentsk g 12, Belgrade, 11000, Serbia
e-mail: Ruzmobninears

Development of pew and athachve genemation of polymer devices for apphication m the field of
energy storage that meets the requrements of safety and emvirommental sustamability 15 an ongoing
challenge. The majonty of previous scientfic results reported that polyambne-based supercapacitors
use only aqueous acid solutions as electrolyie. [1] The amn of this work 15 to examine the redox activity
of polyambme emeraldine salt (PANI-ES) m an aquecus electrolyte of alomwimwm salt, that have bean
studied to 2 lesser extent and lacking the charactenization of charge storage behavior. The advantage of
emploving aluminum among vanous post-lithmm rechargeable systems has the advantage m the fact
that 1t 15 the most abundant metal element m the Earth’s crust with one of the lughest gravimetnical and
volumetnic energy densifies. By combinng expenmental {cvche voltammetry, chropopotentiometry,

galvanie charge/discharpe, AFM - Atommc Force Microscopy) and theoretical approaches (density
fimctionzal thecry - DFT), the redox mechamsm of polyanlne m the agqueous Al-salt solufion 1s

explained [2] Polyaniline has been shown to kave hgher Coulombic capacitance at the same charge
and discharge cwrent in aquecus alwmimmm nitrate solution {18 AMNO:)) than in bydregen chlonde
electrolvie solution (18 HCT), which makes it a smitable electrode for supercapacitors. From a practical
pomnt of view, a supercapacitor based on polvambne and an aquecus solubon of AWNO:): was
constructed and tested m terms of capacitance, cyele ime and self-discharge. The capacitor shows ngh
charpe and discharge capacity (=269 F g at a omrent density of 10 A ') and relatively good capacity
retertion after 1000 charge and discharge cycles.

Refarancas:

[1] B. Enzmanovie, M.J. Vigkowe, N. Tome, D). Bajuk-Bopdanowic, V. Lazowie, B. Shukc, M.
Ivanowic, 5. Mmtus The mfluence of ocxcygen vacancy concentrafion m nan.odlsp-used non-

storchiometrie Ce(l; omades on the physico-chemical properties of conducting polyamline'Ce(),
composites, Electrochim Acta 306 (2019) 506-515.

[2] b1 J. Vgkowe, M. Emnska, B. Va=ze, B. Eummanowié, D. Bajuk-Bogdanovic, B Dominko, S.
Menius, Polymbmasad:argesrmgematmalmanaqueousalmmmhas&dd&cmlﬁe Ca.n
alumirmm 1ons play the role of protons? Jownal of Power Sources 482 (20200 228937
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Data-driven Design of New Mg-based Hydride Materials — A Synergy of
Experiments and DFT

Eatarina Batalovié', Jana Fadakovic', Bojana Kuemanovié', Mijana Medic Thé', Bojana Paskas
Marmla'
! Laborarory for nuclear and plasma piysics CONFINCE Center of excellence
Jor lydrogen and renewable energy FINCA Instinute of the nuclear sciencas —
nafional imstiture of the Republic af Serbia, Untversity of Belgrode
e-mail: Edigogninbearrs

Hydrogen absmpton'desoiption is one of the key processes wnderlying many clean energy
apphications, such as thermal energy storage, hydrogen storage, hydrogen compression, and mckel-
metal hydnde batteries. For all those applications fast and rehable charactenization of new materials,
and in particular, mformation regarding energetics of hydrde formation reaction 1s of mam interest In
the last decades, DFT ({density finchonal theory) appreach showed good predictive potential for the
ground state properties and caleulation of hvdnde formaton enermes. Recently, MEGHet
mplementation [1] of graph newral networks showed promusing results for fast and reliable prediction
of formation energres for molecules and cryvstals. Here, we consider the development of a machine
IaarmngnlxhlbasedmﬂuawﬂableDFTpmdlmdsuuchnﬁ and expenmentally mezsured bydride
formation enthalpies. The propossd modsl [2] 15 capable to predict hydnde formation behavior for a
wide vanety of infermetallic compounds and distinguish the behavier of the polymorphs. In particular,
based only on the crystal structure of the starfing intermetalhc compound, we were able to predict
hydnds formahon enthalpy with accwracy comparzble to DFT caleulated wazlues. Further, we
demonstrate the application of this model for proposing new matenals in Mg-Mi-M compound space
with the desired enthalpy for hvdrogen storaze.

FReforencas:

[1] C.Chen, W.¥e, ¥.Zuo, C Zheng, 5 P.Ong, Chem Mater., Graph Networks as a Universal Machine
ing Framework for Moleculss and Crystals, 31 (2019) 3564,

[2] E Batalowic, J Fadakowic, B Paskai Mammla, B Enzmanovic, M Medic ¢, Predicting Heat of

Hydnde Formation by the Graph Newal Metwork — Explonng Struchmre-Property Relation for Metal

Hydndes, preprint hitp://dx dol org/10.2139/55m 4055259
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P35 - Improvement of Hydrogen Storage Properties of
MgH: by NaNH; addition

M. Medic llic.® B. Paskas Mamula,® B. Kuzmanovié,* J. Radakovic,®
N. Novakowic,* A. Mitrovic,* J. Grbovic Novakovic®
YWniversity of Belgrade, Vinéa Institute of Nuclear Sciences- National Institute of
Republic of Serbia, Centre of Excellence of Hydrogen and Renewahble Enargy,
Belgrade
e-mail: mirjanameadic@vinca.rs

MgH:based composites with addition of NaNH:z (2 and 5 wt.%) as dopant were
synthesized by mechanical milling using three different milling times. The
hydrogen desorption properties and kinetic of these composites were
examined using Thermal Desorption Spectroscopy (TDS), X-Ray Diffraction
(¥RD) for microstructure and particle size information and laser scattering
method for estimation of particle size distribution (PSD) [1]. Samples with
5 wt.% of dopant and milling time of 15 and 30 minutes shows hydrogen
desorption peaks shifting to lower temperatures in contrast to milled and as
received MgH,;. All investigated composite samples shows enhanced kinetics
with lowered Ez Different Avrami parameter values were obtained for
NaNHz-MgH: composites and for pure MgHz With the milling time
increasement (30 and 60 minutes) of the NaNH2-MgH: composites, catalytic
activity of MaNH; decreases which is followed by hydrogen desorption peaks
shifting to higher temperatures.

[1] 1. Milanovic, 5. MiloSevic, Lj. Matovic, R. Vujasin, N. Novakovic, R. Checchetto, 1. Grbowvic
Movakovic, Int. J. Hydrog. Energy 38 (2013) 12152,
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P33 - GNN and transfer learning for prediction of formation
enthalpy of metal hydrides

K. Batalovié,* J.Radakovic,® B. Paskas Mamula®
L aboratory of nuclear and plasma physics, VINCA Institute of nuclear sciences,
University of Belgrade
e-mail: kciric@vin.bg.ac.rs

Prediction of metal hydride formation enthalpy is one of the key elements for
a rapid screening and design of new hydrogen storage materials. In the last
decades, DFT (density functional theory) approach showed good predictive
potential for the ground state properties and calculation of hydride formation
energies. Recently, graph neural network [(GNN) implementations show
promising results for fast and reliable prediction of formation energies for
molecules and crystals. Here, we consider approach for universal machine
learning based on a MatErials Graph Network (MEGMet) [1] that enable
hydride formation energy prediction with a DFT accuracy. We demonstrate
wide screening of potential dopants in Mg;FeHg and Mg;NiH,. In addition, we
study the potential of transfer learning for building the universal machine-
learning model capable of addressing experimentally reported hydride
formation enthalpies.

Figure 1 Unit cells of the doped MgzFeHs (left) and MgzNiHa (right)

[1] C.Chen, W.¥e, ¥ Zuo, CZheng, 5.P.Ong, Chem. Mater. 31 (2019) 3564.
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DATA SCIENCE AND DEEF LEARNING FOR THE DEVELOFPMENT OF

NEW HYDROGEN STORAGE MATERIALS

Eatarina Batalovic, Jana Radakovic, Bojana Paskad Mamula

Laberatory of nuclear and plasma physics, VINCA Institute of muclear sciences — national Drstitute of
the Republic of Serbia, Liniversity of Belgrade. Belgrade, Serbia

Prediction of metal hydride formation enthalpy is one of the key requirements for a rapid
design of mew hydrogen storage materials. In the last decades, DFT (density funchonal
theory) approach showed good predictive potential for the ground state properiies amd
accurate energies of hydrde formation. However, calculating ZPE coniribubtion and
temperature effects in addition to formation energy at 0K is computationally and time-
consuming and therefore often avoided, resulting in discrepancy to experiment.

The development of machine leaming and, in parficular, deep learning, opens a new
perspective for predictive modeling of materials properties. Data collected through DFT
calculations can be combined with experimental results in a predicive model, aiming to
exploit unexplored compositional space. In this work, we consider the application of
MatErials Graph Network (MEGNet) [1] to the prediction of hydrogen formation behavior,
and screening of potential dopants in reversible metal hydride materials. Various approaches,
relying on framsfer learning and both experimental data and computational repositories (MEP
[2], NOMAD [3]) are proposed as a route to acourate predichon of a structure-property
relation for hydrogen storage materials. Domains of applicability of these models are
addressad.

References:

[1] C. Chen, W. Ye, Y. Zuo, C. Zheng, 5.F. Ong, Chemisiry of Materials, 2008, 31, 35643572,
[2] A. Jain, 5.F. Ong, APL Matesials, 2013, 1, 011002

[3] C.Draxl, M Scheffler, ]. Fhys.hiatber, 2019, 2, 036001
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Nature of bonding in amidoborane molecular chains and solids

Hikola Novakovié, Bojana Paskas Mamula, Igor Milanewvic

University of Belgrade, “Vinta™ Institate of Muaclear Sciences, Centre of Excellence for Hydrogen and Renewable Enerpy, POBS1Z,
Belerade 11000, Serbia

Anymemia berme (WH;-BH, - AB) stands out a5 a perspective
candidate material for bydrogen storage, with its High
gravimetnic depsity and kow desooption temperanmre. Severs
problems persist however, namely pmitiple-step meversible
desorptian w0 stable polymenic species and confmination of
desorbed hydrogen with umwanted substances in the process.
At least ome of many obstacles, like borasine potsoning, can
e overcame with the substitution of amsdo proup Ipdrogers
with Epght alkaline metals, which gives anmdoboranes,
MHEBH), (x sands for charge of mel ion) or MAE.
pattrways are obsarved, one inclding the synthesis of alkali
ml{EEﬁJ—IrBH..\I-IrBHJ]muuﬂ{\-I{BSIﬂ)ﬁI
sharf). Another, non-substinmional, bonding mechaniom
Ilwu-sai [1] with alkaline metal jomically bind wu:‘hm
tetmbedral eovironment of acidic hydrogens sumounding
borane. We have performed systematic elecTonic stmictore
calmulations, wibmtional analysis and analysis of
density topelogy of AE, AB2, AJBI and AJB3 chains and
their Li and Wa - H substnmional counterparts with alkalime
mefal af symmetry allowsd H positons oo amide sites
Additorally, elecronic smucture of (BEh-NH:-BH:NH:-
BH;)- miom and Li(B3ND) and Na(B3N2) molecale have
been caloulated. Forces optnmzation of initial configurations
have been perfomed where single H atom in the firs
coordination of pirogen (and boron) atoms hawe been
substinated mwmmmmmm
hm{hngnahmmﬂsh‘mgﬂlnf'ﬂ:ﬁenmgljr
molecies and o explain experimentally evident
ot least some of them

emistence af

SH-Lx
b B

Flguml The molecular struchimes of Ma-AYES with Ma atom
instially bounded at M (top) and B (bomom) atoms.  Lef)

initial and mght) final confizurations are showm.

The obtained optimézed strachurss of lonzer AB chains show
sirong deviation fom alkane-like symmetry (.. Ca ehc),
cawsed by acidic-protonic H mtermction. The resules show
strmgm.ﬂmeofalkahnnﬂlmdeumﬁ]ma&m—hh

atoms af the distances simdlar to distance in substihated AB
system (aroumd 2.3 for Ma). Alkali atom in the systems with
odd mummber of boron atoms cases distortion in onder to
position itzelf in equilibrom posifion between end baron
atoms. In case of systems with even mumhber of boron atoms,
ariginal shape of molacale tends to be preserved

In case of AZB3, Maacdic H bonding prevaiks which can
explain observed different nature of bonding in Ma(BIMNI).
Feforences

[1] E_T Fijalkowski et al, PCCP 16, 23340-23346 (2014)
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WIENZE, Abinit. CPMD, Crysal snd VASP codes) and local structures investigation of various

semiconducting systems.
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Hydrogen in Mg-V thin films: TOF-ERDA characterization

Tyanz Pantc, Bojana Pazkas Mammla, Samgja Milosevic Govedarowic, Sandra Ewko, Jasmina
Grbowvic Movakowic and MNikola Movakowid

University of Belgrade, “Vinca™ Institate of Maclear Sciences, Centre of Excellence for Hydrogen and Renewable Energy, POBS22,
Belerade 11000, Serhia

To dewelop susiamable hndmogen swomer maemals, a
comprehensive knowlsdes of the mechamizms of hydrogen
moton af gomic level & requred Iois obvous thar
development of novel poterials for solid stafe siomge is
wElaied to falormg of several properties such as alloy
Compositon, suface propertes, micrestcime and Erain
sze. Even thoush the firal goal is to prodoce larse amoumis
of materals thaf can eversible sfore hydrogen, thin flm
Proceszing i an opmonal method that effers the possibiliy to
prodoce material with wel-dsfined microsmocnmes and
dimensions. Thin films allow imvestzating in detail the
amface stas (presence of oaddes, hydmoeodss) om H-
ahmdammﬁg:mmubmdmgmﬁ:m

mvailability. Homnaver, ﬂEma_Hrrf-:-fﬂJ.esthmrﬂnai
o material; chtain by ball-millinz which prevents detailed
amface sensifive characterization Mz prepared in form of
thin flms doss Dot suffer fom embrttlement andior
derrepitation a5 ulk materials do. This allows the shady of
cyclic absarpton amd desorpion. The problem of pure Mz
thin films is that for ydrogenaton the elsvated fempemtore
mnd pressures are pesded. Capping the Me thin Alms with Pd
is proposed to overcome some drawbacks. Due fo capping
with palladiom, the flms exhibit a fast dizsocdiation e and
pood ransport properties. The problem of capped films on
ihe other hand is that the mate of absorpion decease with the
increase of preszure and this is atributed fo the fact that there
15 a MeH: laver formed at the nterface. This hydode layver
hinders fimther uptake of hydmogen doe to the fact thae
hydrogen diffosion in masmesim ydnde is the mie limitns
sep. To awpdd this interfce problem we have used
altemating layers of Mz md V with 10 om amd | mm
thickness respectvely. Vimadiom was used becmse o is
koown that the difusivity of hpdmeen i this element is
evremely hizh even ar ambient . Furthar, 1o
mea:edmh}dmgmmmmemmiunbneﬂﬁam
(Frenks] pairs) in the near-nrface regan, ion Dradiation with
H iomz at IeeV and iom fuence of 10'7 bon'on® has heen
applied lon irradistion with hydrogen was performed at
FAMA fon source af Vinca Instinuee of Maclear Sciences, The
hydrogenation of thn films was done af HAS-TUNLS sarption
amatyzer for 3h at 300 -C.

To ioveshgate the H content depth profile m Ipdnde, EFDA
(Elastic Fecoil Detection Analysis) equipped with fime of
flight {TOF) detector has been applied. The majr advantages
of TOF-ERDA specoscopy s the abiliy fo distineush
coniTitnrions in the spectrum that come from different ions
having sams energies. In the present wodk Iydmgen comfent
m Me-W thin fims has besn imvestgaied by TOF-EFDA
=g 20 MeW T beam. Prelmminary results for imadiated

[ H

' — N ]
] i 1) W o
(S 1 e |

Figae 1. TOF -ERDA dapih profile of 300 nm films.

ondy 300 om le 1 down) show predomirence of
ﬁmhﬂm@ﬁﬂﬂdmmnfv
mniform, the © of inasfficient resobstion amd
probably proommeed Me-V diffusion The H conceniramon
exhibits typical, two peaks behawior sharp surface peak
folbowed by more difosed buk peak, the latter comespondme
i theorstical SEIM caloolaesd depth proSle  After
Irydmogenation (Fipme 1 up), the simaton iz subsantially
different H conceniraton pow has umifeem distribaton
through enire Sl while relagve concenmatons of ather
glements have demeased The change of flm width &5 the
consequence of bydride volome ion and chanee in Gim
demsity cm be conchuded that
e
condifons.

Enengy. Mum of 3.
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P45: TOF-ERDA measurements of hydrogen content and
depth profile in Mg-V irradiated thin films

T.Pantic’, B. Paskas Mamula®, N. Novakovic®, 5. MiloSevic Govedarovié?, S.
Kurko®, M. Micetic?, J. Grbovic Novakovic*
1centre of Excellence for Hydrogen and Renewable Energy, University of Belgrade,
Belgrade
*Division of Materials Physics, Ruder Boskovic Institute, Zagreb
e-mail: tijanap@vinca.rs

Thin films, as materials for solid state hydrogen storage, show wvarious
adwvantages ower bulk materials and powders. Faster dehydrogenation
kinetics and lower desorption temperatures, as well as the possibility of
better control of structure and composition are the reasons for their
exhaustive research. In this study we've investigated thin films consisting of
alternating Mg (30 nm) and V layers (1 nm) with 10 repetitions. Synthesized
nanocrystalline thin films were modified by ion irradiation using of H™ and
Xe®™ ions. TOF-ERDA measurements were done using 20 MeV 1275
beam. TOF-ERDA results are presented in Figure 1 and 2. The results show
that ion-irradiation induced defects improved hydrogen desorption and
reduced desorption temperature.

\ N

b
T

T

= _ﬂ%. i . ' .- . _5. —'l—_..____.. .--f- .'.T.- £ e 1t _ E‘
Figure 1. TOF-ERDA results of film Figure 2. TOF-ERDA results of film
irradiated by H- ions, fluence 1078 irradiated by Xe® ions, fluence 10°®

ionsfcm?. ionsfcm?.

Acknowledgement: Special thanks goes to dr Zdravko Siketic and Marko Brajkovic

from Laboratory for ion beam interactions, Ruder Boskovic Institute for TOF-ERDA
analysis and results.
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THEORETICAL AND EXPERIMEMTAL APPROACH TO DESTABILIZATION METHODS
FOR IMPROVEMENT OF HYDROGEN SORPTION KINETICS IN Mg BASED 5YSTEMS

Jasmina Grbovic Novakovic, Sandra Kurko, Sanja MiloSevic Govedarovic, Tijana
Pantic, Bojana Paskas Mamula, Mirjana Medic, Nikola Novakowit

University of Belgrade, Vindo nstitute of Nuclear Sclences, CONVINCE —Centre of Excellence for
Renewable ond Hydrogen Enengy, FOB522, Belgrade 110008, Serbia
Corresponding author: josnagni@gmall,.com, josnoag@winbg.ocrs

Magnesium hydride (MgH,) is considerad as one of the most promising candidates
fior solid state hydrogen storage due to its high theoretical hydrogen capacity (7.6
wt %), good reversibility, and relatively low cost. MgH;z is also considered for thermal
energy storage applications. However, several factors have hindered its application: (1)
the thermodynamic stability of MgH; leads to its dehydrogenation temperature being
as high a5 350-300°C; (2) the kinetic rates of both dehydrogenation and hydrogenation
reactions of Mg are usuzlly poor and require high temperature conditions. The H
storage properties can be tailored by addition of small amount of transition metals (Ti,
W, Fe, Co, Ni, Cu and Pd), transition metal oxides (TiQy, Cely Va0s, WiDs), halides (FeFs)
or borides (TiB,;). We have used both, theoretical and experimental approach to study
reaction mechanism in powder and thin films material (Kurko, 2013; Montone, 2005;
Paskas Mamula, 2014).

Processes taking place during hydrogen desorption from Mg/MgH; thin films
upon modification either by TiQ: capped layer or by ion irradiation were
investigated. Irradiation was used to produce controlled quantity of point defects
with well-defined depth distribution. It was shown that the size, shape, and
concentration of Mg nuclei formed during hydrogen desorption from MgH; thin
films depend on the characteristics and distribution of the induced defects. In non-
irradiated samples the shape of Mg nuclei is sphenical, while in irradiated samples it
i5 highly irregular. Variations in sample colour were observed during hydrogen
desorption and before the creation of Mg nuclei. DFT calculations showed that the
observed wariations in the optical properties of samples can be explained by
changes in MgH: electronic structure and the appearance of an Hvacancy band
within the MgH; energy gap. On the other hand, the modification induced by
capping with TiO; does not affect the shape of nuclei. The shape is rather spherical
and do not depend on film thickness. The size and concentration of nudei is related
to the thickness of films. Both modifications (addition of additives or point defects)
lead to reduction of temperature onset for desorption and improved kinetics.
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On the other hand it is well known that energetic ball milling of hydrides
substantially refines their particle size and forms nanometric grains within the
particles. In the mechanical (ball) milling process there is always a connected
reduction of the powder particle size which accompanies the reduction of grain size
of the phases residing within the particle. Those changes has an effect on
desorption properties of hydrides. This lecture will discuss in details those effects.

Keywords: hydrogen storage, magnesium based hydrides, DFT theory, ball milling,
ion irradiation, kinetics.
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Combined effects of mechanical milling and addition of WO; on hydrogen
desorption from MgH;,

Tijana Panti¢', Nenad F]lem'lc Sandra Ku:io Bu]a::la Paskas Mammla' .Tasm:m Grbovic
Nm'aktmc . Nikola Novakovie! a.ud anja Milodewic Govedarov et
'University of Belgrade, Vinfa Institate of Muclear Scisnces, Cantre of Excellence for Hydrogen and Fenewable Energy POB 552,
11000 Belgrade, Serbia
“Istitute of Technical Sciences of The SASA. Kner Mihailova 351V, Belzrade 11000, Serbia

Mamesiom hydride as the most promising material for salid
state bydrogen storze has been imvestizated for decades. In
order to improve the sorption chamacteristic  varons
mechanical milling, with addidon of different oxides, halides
gic [1]. Shezgish kinstics and hizh dssorption femperaire as
the pain drawbacks were drastically improved by mechanical
milling with exddes of d-block elements such as sanadium,
niobium, tantalum, nickel etc. Tumesten & alse d-block metal
=0 if is expectzd to have a similar effect on MeH: . Tungsien-
oxide powder were ns=d in small concentrations 33 (MW5),
1 (MW10) 15% (MWLS) as additives to MzH; and
milled together for 30 mimtes in SPEX 5100 mill with BPR.
10:1 in Ar ammosphers.

Effert of W0, addition on desarption temperaturs followad
by differential scapmire calorimemy (DSC-Figme 1) and
temperanre programed desorpton (TPD-Fipme 2) were
reported in this paper. Isoconversional kiretic amalysis was
applied in order to determine the kinstic behavier of material
(Tahle 1).

Takle 1. Einetic paramsters of commercial MgH,, millad
MeH,, MW10. MW15 i 6 range from 0.20-40.80
AvTami-
Erofeay
5 Ea [lf/mol]
ample | Tp['C] | Ea[klimal] ot
com MpH; 245 104
mall M=H, B 30
MW 3 303 [
368 2]
MW10 200 B2 [n1-1"
3n 124
MW13 415 141
247 168

Both DSC and TPD curves of all milled samples demonstrate
chanpe In mechamism of desarpiion and the reduction of
temperarure.  The anset of emperanme desorption is redoced
for 150°C. DSC omrwes of sample milled with 5% of Wiy
shows two desorpfion peaks as a result of different particles
sizes The reducton of deserpiion temperature maxima is up
to 30 “C Two desorption peaks are wisible also in MWD
sample too. In this case, desopion tenmeratme is redoced

Sanja MiloSevid
Govedarovic

for abour 40°C. Compesite sanple obmined with 15% of
WO, (MWIS) demonstate wmsual  behavier:  three
jon peaks appears: at 355, 385 and 440°C. This can be
anrinmed to both inhomozemeons @spersion of caralyst,
phaz= change of WO, during mechanical milling
The H dam'p‘hmpmcssi’mmmpnsm: was analyzed by
fiming the experimenral dam using different kinetic models
and the best fit was obmined by non-isothermml Avrams-
Exofeev model (see Table 1). The amakysis of the TPD curves
mdicates that the H, dﬁirpmmﬁmnMgH.mﬂmmmpom
i :ml]edl:rvm:demmmi growth mechamizms with
reaction order £,
v pes

n &

a wiw

sl i [ o

Tarvpadnm (1

Figure 1. Hyirogen desorpiion obtamed by DSC
measuremesnts for milled composite samples

Fizurs 1. Hydrogen abtained fram TPD
mexsuremenss of commercial MzH,, MzH, milled for 30
mimites, and compasite samples with diffsrent WO, content
10 and 15%
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Interaction of amidoborane molecular chains with alkali metals:
a theoretical study

Bojana Paska3 Mamula', Jasmma Grbowc Nuvakcrw: Igar I-.']'J.lanamc]" Bojana
Kuzmanovic', Nikola BI]J‘EkD‘."' Nikola Nmak-:mu:
' UIC A Institate of muclar SEIE:H:E:, University ufBel_mli& POB 522, 11001 Belgrads, Serbia
* Rudier Boskovic Instiruse, Bijenicka Cesta 54, 10000 Eagreb. Croatia

Ammonia boape (WH-BH: - AB) sands oot as a
perspective candidate material for bydropen siomage, with
itt hich pravimeric depsity and low desorprion
temperature. Severe problems persist howewver, namely
omiltiple-step ireversible desorption to stable polymeric
species and confamdnarion of desarbed hydrogen with
unwanted substances m the process. Af least ane of mamy
obstacles, like bomsine poisomine. can be overcame with
the substinmion of amido proup bydrogens with light
alkaline mefals, which gves anddoboranes,
M(MH.BH,), (% stands for charge of meral ion) ar MAB.
Dhrine the debrydropenation process several desarpbon
pathways are observed, one incloding the synthesis of
alkali mealBH-MH-BH-MNH-BH) ooopomd
MB3NY) for shorf). Another noo-substinaional,
bonding mechanism is proposed [1) with alkaline metal
iomically bind within tetrahedral enwvireoment of acidic
hydrogens summmding borape. I this paper, we have
performed systematic elecironic smucture calculations
and the analysis of charge density fopelogy of AB. AB2,
AYED and AIB3 chains and their Na — H substingional
counterparts with alkaline metal at synmmetry allowed H
simucture of (BH:-WH-BH-WH-BH,] anion and
Na(B3NI) moleculs bave been caloulated The zoal is to
imvestieate fremds in cohesion, booding mahme and
strengzih of these mostly hypothetical malecules and to
explam expermmentally evident existence of at least soms
of them

The cbhiamed optmized srochmes of longer AR chams
show soong deviation from alkape-like symmetry (Co..
Cav etr.), comsed by acidic-protonic H inferaction. The
results show strong infleence of alkali met] on deviation
from alkape-like C., symmetry chain: tuough strong
interaction with both orizinal sobstibrbon site and
neizhbor acidic hydrogens. In case of AJB3, Na-acidic H
bonding prevails which can explain observed different
nanre of bending in MalBINI).

Eeferences:
[1] 7 Fijakowski =t al, PCCF 16, 23340-23346 (2014
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Electrochemical behaviour of pyrephyllite carbon paste composite electrode
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Abstract

Pyropiiliite. Besides  madifomal  applicadoms,  large
pyrophyilite reserves have the potentdal for being used also
in mare sophisticated non-raditional fiels. This sdy aimed
to examines phirophilite for itz potendal application for the
prification of real water systems It electrochemical
characteristics were examined by wsing cyclic vollammery
(CV) of sulfimic acid (H-504) and potassium fermocyanide
(B, Fe(C1),). a redex model compend. Dhue to its specific
smucture, surface groups and merpholesy of phirophilite
carbon paste elecmode exibited elecrocatlytic acoviry.

Electrochemical set up and measurements

Carbon paste elecoode (CPE) are widely wsed elecmodss m
the fields of elscwochemistry, due to thelr armactive
afantages, such as low-cost impemenmtion, simple
preparation, low backpround curemt and wide potemtial
WO

Phirophilite carben paste electrodzs hava been inwvestizated
by cyclic voltammetry measurement in 0.5 M H S50, as
addic supporting elscmalyte, with potential range from -0.5
Wio+1.1 Vs Ag/A=C (sanmated FCT) reference alectrode.
In addition, 1 mM EFeCH), in 0.1 M ECl was used a
redos model compound Pamlle]l ecaminations were
conducted with carbon paste electrode (CPE), cootaining
onoly graphite and Houid binder (paraffin oil (F) and micesyl
phosphate [TCP)) by wsing 797 VA Compurace analyzer.
The parameters for OV measurement wers as follows: inftal
patential -0.5 V, end potential 1 W, swesp rate 0.1 V' 5, ingtial
purge dme &) 5 and scan rate 50 mW's.

Fesults and discnssion

Cryclic voltammograms obtained at PGP and PGTCP shows
the cathodic and anodic peaks with good symmetry and peak
to peak sepamtions which is hizer for PGTCP indicating
reversibile elecirode processes (Fig. 1)) The peak to peak
separations indicate a siznificant elecwocatalytic activity of
PGTCP and PGP which is morh better than GP and PP (Fig.
-
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Fig. 1. Cyclic woltammograms at phirophilite srapkite
paraffin (PGF) and phirophilite praphite miresy] phosphate
(PGTCE) carbon paste elecroda m 0.5 M H,50, af scan rate
S mWis.

It is clear that phitophilite can be wsed as elecmochemically
active conponent, The obmined results open a new feld for
fimther investizations which concem phirophilite as a sensor

for the detection of water polhutants.
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Fig. 2. Violmmmasrams obtained for 1 mM E Fa{CH), n 0.1
M EC] at phirophilste paraffin (PF). phiropbilits graphite
pamffin (PGF), graphite paraffin (&F) and phirophilice
graphite micresyl phosphate (PGTCF) carbon paste elecmode

We aclmowledge dhe sapport g0 dus work provaded by MEST of
Serbia dhouph projects O S50, 45002 amd AD HARE!  avder
covney
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PRIRODMNA RUDA PIROFILIT KAO POTENCUALNI MATERIAL ZA PRECISCAVANIE OTPADNIH
VODA
Katarina Tosic, Sara Mijakovic, Sanja MiloZevic Govedarovic, Ana Vujadic Nikezic, Andela Mitrovic
Rajic, Jasmina Grbovic Novakovic, Bojana Paskas Mamula

Centar izuzetnih vrednosti za vodoniénu energetiku i obnovijive izvore energije, Institut za
nuklearne nauke Vinca®, Institut od nacionalnog znacajo za Republiku Srhiju, Univerzitet u
Beogradu, POB 522, Beograd, Srbija, katarina.tosic®vin.bg.ac.rs

lzwod

U radu je ispitivana prediécena ruda pirofilit, u cilju dobijanja keramickin membrana koje bi
slufile za prefiscavanje otpadnih voda. Uzorci prirodne rude pirofilit koji poticu = rudnika
Parsovici, Bosna i Hercegovina su ultrazvuéno precisceni | od njih su napravijene pastile pod
pritiskom od 50 MPa. Pastile su zatim termicki tretirane na temperaturi od 1050 °C u trajanju
od 2h, a infracrvenom spektroskopijom sa Furijeovom transformacijom (FTIR), ramanskom
spektroskopijom ispitane su mikrostrukturne oscbine materijala dok je ponasanje materijala
nakon termickog tretmana ispitane termogravimetrijskom analizom i diferencijalnom
termalnom analizom. Rezultati ukazuju da je vec 2 sata termicke obrade dovoljno da dode do
dehidroksilacije pirofilita odnosno oslobadanja OH grupa i stvaranja porozne strukiure pogodne
za dobijanje keramickih membrana.

Kljutne reci: pirofilit, keramicke membrane, mikrostruktura, FTIR, Ramanzka spektroskopija,
COTA.

Uvod

Potreba za razvojem efikasnih i ekoloZki prihvatljivih metoda za prediscavanje kontaminiranih
voda i smanjenje ili potpuno eliminisanje zagadivaca [1-4] je sve izraZenija. Svaki tretman ima
svoja ogranifenja ne samo u pogledu troskova, ved i u pogledu izvodijivosti, efikasnosti,
pouzdanosti kao i uticaja na Zivotnu sredinu. Medu razliditim postupcima koji se trenutno
primenjuju u tretmanu otpadnih voda, samo nekoliko s& obicno koristi u industriji, iz tehnologkih i
ekonomskih razloga [2, 4]. Jedan od njih je adsorpcija koja se pokazala kao najbolji proces
preciscavanja vode i smatra se vrlo efikasnom metodom za kontrolu zagadenja uopste. Tehnike
adsorpcije karakterise firoka dostupnost, niska cena, velika efikasnost, jedinstvenost rada, kao i
isplativost. Kljutno za tehnologiju adsorpdije je da se primene ekoloski, jeftini i efikasni adsorbenti
[5] pa je u tom smislu prepoznata i razvijana upotreba glina. Prednosti glina su niska cena, visoka
specificna povriina, dostupnost, veliki potencijal za izmenu jona, odlicna adsorpcona svojstva i
netoksicnost. Jedna od bitnih karakteristika je i to $to sadrii lako izmenljive jone na svojoj
paovrsini, pa je zhog toga veoma interesantna u primeni vezanoj za prediscavanje i zadriavanje
naelektrisanih Stetnih vrsta prisutnih u zagadenim vodama [B]. Termickom, hemijskom ili
mehanickem modifikacijom moguce je poboljfati njena adsorpciona svojstva jer se utice na
zapreminu pora, specificnu povrdinu, k3o i na broj kataliticki aktivnin mesta koji povecavaju
sposobnost adsorpcije zagadujucih supstanci, nakon obrade ili modifikacije [5].

10. Memarijalni nautni skup iz zastite Zivotne sredine ,Docent dr Milena Dalmacija®, 2023.
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ledan od najzastupljenijih prirodnih glinenih materijgla je pirofilit, teorijske formule
Ala[Sia045] (OH)z. Pirofilit sa svojom 2:1 dioktaedarskom strukturom sadrii plocu oktaedra Al-
O{0H) koja se nalazi u ,,sendvicu” izmedu dva sloja 5i0. tetraedra koja su povezana [7].

Slojevi pircfilita su elektreneutralni i zato, za razliku od mike i smektita, pirofilit u swojim
meduslojevima ne sadrii katjone i molekule vode [B). Karakteriu ga niska elektricna i toplotna
provodljivost, nisko reverzibilno termalno Sirenje i koeficijent Sirenja, kao i odlicna stabilnost pri
zagrevanju [9]. Zbog svoje velike rasprostranjenosti u priredi, u poslednje vreme priviaci veliko
interesovanje [10].

Eksperimentalni deo

Polazni uzorci prirodne rude pirofilita dobijeni su iz rudnika Parsovidi, Bosna i Hercegovina.
Uzorak pircfilita najpre je rastveren u dejonizovanej vodi, @ zatim tretiran 30 minuta u
ultrazvucnoj kadi da bi se na taj nadin odstranile nepotrebne faze. Od precisCenog pirofilita
napravijene su pastile pod pritiskom od 50 MPa koje su termicki tretirane 2h na temperaturi od
1050 °C i koje su dalje ispitivane.

FTIR-ATR analiza je uradena na uredaju Thermo Scentific Micolet 1510 Spectrometer. Spektri su
snimani u opsegu od 400-4000 cm™, sa rezolucijom od 4 cm™. Ramanski spektri u ovom radu
snimljeni su na DXR Raman mikroskopu sa laserom 532 nm, pri smazi od 8 mW. Spektri su
korigovani na fluorescenciju u programu Omnic koriscenjem polinoma petog reda. DTA-TGA
uredaj bio je SETARAM apparatus (Setsys Evolution). Uzord su stavljani u posude od aluminijuma
i zagrevani do 1000 °C, sa brzinom zagrevanja od 10 °C/min. Radna atmosfera bio je sinteticki
vazduh.

Rezultati i diskusija

Na slici 1 prikazani su ATR-FTIR spektri uzorka pirofilita pre i nakon termickog tretiranja u trajanju
od 2h. UoCava se da traka na 3673 on™ koja se pripisuje vibraciji veze AlFOH [10-15] nestaje
nakon termickog tretmana. Na 3619 cm™ nalazi se OH istefuca vibracija [10] koja takode nestaje
ako se uzorak zagreje na 1050 °C. Mestajanje navedenih vibracija u kojima udestvuje OH grupa iz
spektra termicki tretiranog wzorka sugeride da se odigrala dehidroksilacija pirofilita. Traka na 1119
cm™ pripada 5i-0 vibraciji u ravni [16] i nestaje nakon termickog tretmana, dok se traka koja
potiée od 5i-0 veze, karakteristicne za aluminosilikate, nakon 2h, pomerila na 1046 cm™ (tabela
1). Dve trake prisutne samo kod cistog pirofilita na 942 cm™® i 998 cm™ potifu od savijajudih
vibracija Al-OH veze [17], odnosno istefucih vibracija %i-0 i Si-0-Al [10-15]. Traka na 833 cm™
pripada vibraciji savijanja Al-OH [11] i nestaje pri termickom tretmanu, $to ukazuje na to da su OH
grupe koje koordiniu centralne atome Al, oslobodene i da dolazi do oStecenja oktaedarskih
listova. Uofene oktaedarske vibracije AIOs [10] na 529 cm pircfilita bez termickog tretmana,
koje nestaju nakon termickog tretmana, kao 5t je sludaj i sa trakom na 514 cmt koja potife od
vibracija savijanja 5i-0-5i veze ukazuju na naruavanje i tetraedarskih ploca. Prisustvo kvarca
potvrduje traka na 792 cm™ [11].

10. Memarijalni nautni skup iz zastite Zivotne sredine ,Docent dr Milena Dolmacija®, 2023.
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Tatasni broj [cm']
Slika 1. FTIR spektar uzorka pirofilita koji nije termicki tretiran (Oh) § koji je tretiran 2 sata (2h) na
temperaturi od 1050°C

Tabela 1. Trake na FTIR spekiru uzorka pircfilita koji nije termicki tretiran {Oh) i koji je tretiran 2 sata [2h)

Vreme trajanja termicke

ochrade
[ 2h vi ioni
Vibracione trake
[cm?] [cm?]
417
344 432 savijajuca 5i-0 [13]
514 vibracije savijanja 5i-0-5i [11]
529 oktaedarske vibradje AlDs ploca [10]
Lo3
799 kvarc [11]
811 prisustvo 5i-0-Al gde je Al u tetraedarskoj koordinaciji [10]
kwarc i kaolinit [15]
233 vibracije savijznja Al-OH [11]
277 vibracije savijanja Al-OH [11]
542 vibracije savijanja Al-OH [11]
998 intenzivno istezanje Si-0 i Si-0-Al [18]
1003 5i-0 veza (karakteristicne za alumosilikate)
[10-15]
1046 5i-0 veza (karakteristitno za slumosilikate) [10-15]
1118 5i-0 istefuée vibracije [16]
3619 OH istezanje koje potie od ilita | muskovita [10]
3673 OH vibracija veze A-OH [10-15]

10. Memorijalni noucni skup iz zastite Zivotne sredine , Docent dr Milena Dalmocija®, 2023.
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Ma ramanskom spektru (slika 2) uzorka pirofilita koji nije termicki tretiran, u opsegu od 0 - 800
cm uocavaju se oftri maksimumi karakteristicni za pirofilit [18). Takode, prisutna je Siroka traka
u intervalu od 1200 - 2200 cm?, koja nestaje pri termickom tretmanu. Uzrok mofe biti
narusavanje strukture OH veze. Smanjenje intenziteta o3trih maksimuma u opsegu od 0 - 800 cm™
1 pojava novog na vrednostima talasne dufine od 438 cm™, pripisuje se dehidroksilaciji koja
potice od prisustva kaolinita i mulita [18].
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Sliko 2. Romanski spektar uzorka pircfilita koji nife termicki tretiran (0h) i koji je tretiran 2 sata (2h) na

tempengturi od 1050°C
an
10— e el _—
b \. [T
o "\.\ &3
2 or o "'..I - % 0.2
g . 'lII I® 01
II"., LLE
05
| ——an '\-. 01
L . - 1IL‘\‘-\.\-\-""—\-—---._ D2
wml . ; ; . " a3l - - - : '
0 0 - ) o (a3 a 2 Fhi] B [ a] 1663
Tamparaters |G ] Temparahua [ °C ]
al &)
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temperaturi od 1050°C

10. Memarijalni naueni skup iz zastite Zivotne sredine , Docent dr Milena Dalmaocija®, 2023.

®

)



-
V4 7 Voda Eo
_" |

Strukturne promene uocene prethodnim metodama, jasno se vide | na DTA-TGA krivama.
Termogravimetrijska analiza pirofilita koji nije termicki tretiran pokazala je da se oko 0,2% mase
gubi u temperaturskom intervalu izmedu sobne temperature i 200 °C (slika 3a - cna kriva). Na
DTA krivoj koja potife od netretiranog uzorka vide se dva endotermna maksimuma (slika 3b —
crna kriva). Prvi maksimum nalazi se u opsegu od 100 - 400 *C i moZe biti pripisan oslobadanju
vezanih molekula vode sa powriine, s obzirom da je gubitak mase 0,2% [19], dok se drugi
maksimum koji 5e nalazi u opsegu od 600 - 800 *C povezuje sa dehidroksilacijom pirofilita [20].
Kod termicki tretiranog pirofilita, oftar endotermni maksimum na 475 °C (slika 3b - crvena kriva)
nastaje zbog prisustva kaolinita, koji podinje da se izdvaja prilikom duZeg zadriavanja na relativno
visokim temperaturama [21]. Prema Sanchez-Soto i saradnicima [20], sav gubitak mase od skoro
6%, na TGA krivi netretirancg uzorka (slika 3a - crna kriva), pripisuje se dehidroksilaciji, cdnosno
gubitku strukturne vode. TGA kriva uzorka tretirancg 2h (slika 3a — crvena kriva) takode pokazuje
blagi gubitak mase, koji se pripisuje oslobadanju zaostale vode [20]. Na DTA krivoj istog uzorka,
vidi se jedan egzotermni maksimum (slika 3b - crvena kriva) u opsegu temperatura od 700 - 1000
2, za koji se pretpostavija da nastaje usled transformacije kaolinitne u mulitnu fazu [20].

Zakljutak

1) ovom radu ispitane su strukturne promene prirodne rude pirofilit nastale nakon termickog
tretmana na temperaturi od 1050 °C u trajanju od 2h i pritisku od 50 MPa. Zakljuéeno je da
termickim tretmanom dolazi do dehidroksilacije, TGA analiza pokazala je da je ukupan gubitak
mase iznosio 6%. Takode, nakon 2h termifkog tretmana dolazi do narufavanja oktaedarskih i
tetraedarskih ploca, 5to potvrduje nestanak traka na FTIR spektru, koje poticu od vibracija
savijanja Al-OH, oktaedarske vibracije AlQe, kao i od vibracija savijanja 5i-0-5i veze. Na osnovu
navedenih rezultata, moie se zakljufiti da pirofilit pokazuje dobre predispozicije za pravijenje
keramicih membrana koje bi slufile za prefiscavanje otpadnih voda.
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DETEKCUA FUNGICIDA KARBENDAZIMA U VODI PRIMENOM ELEKTRODE OD UGLIENIENE
PASTE MODIFIKOVANE PIROFILITOM
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Beogrodu, POB 522, Beograd, Srbija, andjela.mitrovic@vin.bg.ac.rs

lzvod

Ovaj rad ima za cilj da dizajnira elektrodu od ugljenicne paste modifikovanu pirofilitom za
potencijainu upotrebu za detekciju pesticida u vodenim rastvorima. Struktuma | morfoloZka
karakterizacija prirodne gline pirofilit i mehanicki modifikovanog pirofilita uradena je
rendgenostrukturnom analizom i skenirajucom elektronskom mikroskopijom. Elektrohemijske
karakteristike ove elektrode ispitivane su cikliicnom voltametrijom u 1 mM KgFe(CN)s u 0,1 M
KCli 0,5 M H:50, i diferencijalnom pulsnom |, striping” voltametrijom u Briton-Robinsonovom
puferu na pH 4. Pokazano je da maksimum na + 0,96 ¥V u odnosu na Ag/agCl elektrodu potice
od cksidacije karbendazima na pH 4 u Briton-Robinsonovom puferu. Dobru stabilnost i
osetljivost pokazala je elektroda koja je sadrizla 0% ugljenicne paste i 50% pirofilita mehanicki
modifikovanog 15 minuta u mlinu sa kuglama. Razvijena metoda je linearma u opsegu od 1 ppm
do 10 ppm sa r= 0,999 i granicom detekcije od 0,3 ppm.

Kljuéne reti: glina, mikrostruktura, elektroda, pesticid, senzor, voltametrija

Uwvod

Pesticidi su supstance prirodnog ili sintetickog porekla koje se koriste za suzbijanje Stetocina
koje Zire bolesti, unistavaju imovinu i useve. Ova jedinjenja lako dospevaju u Zivotnu sredinu.
Fungicidi se koriste za surbijanje razlifitin biljnin bolesti. Karbendazim (metl 1H-1,3
benzimidazole-2-il karbamat) (slika 1) je benzimidiazol fungicid koji se Ziroko koristi za

suzbijanje biljrih bolesti [1].
o
"-\.\ H }_C":Hg
O: N}—AH
= M

Siika 1. Karbendazim — strukturma formula

Karbendazim ima toksican efekat na sisare. 7bog toga je njegova kontroda i detekcija jako vaina.
L) dosadainjoj detekdiji, najfesce su koriscene hromatografske tehnike, UV-Vis, spektroskopija,
fluorometrija, ramanska spektroskopija, a takode su korisceni razliciti materijali za pravijenje
elektroda za voltametrijsko odredivanje karbendazima [2-6]. U novije vreme, elektrode od
ugljienicne paste modifikovane razlidtim glinama se koriste za kvantitativiu i kvalitativo
detekdju razliditih materijala rastvorenih u vodenim rastvorima [7, &]. Pirofilit je mineral iz
glupe filosilikata hemijske formule Al:Sis0w(0H)z. Krstalng resetka pirofilita se sastoji od dve
5104 ploce izmedu kojih s2 nalazi oktaedar AlQs(0H])z, pa on ima 2-1 strukturu [9].
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Cwa glina pokazuje jako dobre fizicke i hemijske osobine kao 5to su inertnost, mekodca, niska
elektricna provodljivost, visoka toplotna provodljivost i visoka tacka topljenja. Zbog svih ovih
karakteristika, pirofilit je nafao wveliku primenu kao adsorbens zagadivaca Zivotne sredine,
keramici [10-12]. Pircfilit ima slojevitu strukturuy, a veze izmedu slojeva su slabe van der Valsove
i mogu se lako raskinuti, pa slojevi klize jedan preko drugog. Ovo svojstva pirofilita je jako vaino
za njegovu modifikaciju. Mehanohemijska modifikacija pirofilita dovedi do znacajnih promena u
njegovo] strukturi, do smanjenja veliine Cestica, promene morfologije | povecanja specificne
povriine. Owaj nadin modifikacije predstavlja zelenu metodu modifikacije jer ne koristi
rastvarace.

U ovom radu je za kvalitativno | kvantitativne odredivanje karbendazima kao radna elektroda
koriscena elektroda od ugljenicne paste modifikovana pirofilitom. Pirofilit je prethodno
mehanohemijski aktiviran kako bi se povecala osetljivost elektrode.

Eksperimentalni deo

Ratwor karbendazima koncentracije 2000 ppm (97%:, Sigma-Aldrich) je dobijen rastwaranjem
ovog pestidida u metanolu. Briton-Robinsonov pufer je dobijen meZanjem 0,04 M H;BO:, 0,04
M CHzCOOH, 0,04 M HaP0O4 i 0,2 M NaOH. Sve hemikalije su nabavljene od Sigma-Aldrich. Glina
pircfilit je iz rudnika Parsovic, Bosna i Hercegovina. Mehanohemijska modifikacija pircfilita
uradena je u SPEX Mixer mlinu 5100 sz kuglama. Vireme mlevenja je bilo izmedu 01 120 minuta.
U tabeli 1. date su ocznake uzoraka i vremena mlevenja. Ispitivanja kristalne strukture su
uradena na difraktometru Rigaku Ultima IV, Japan. Korizceni rendgenski snop je bio nikl-filtriran
CuKal, talasne dufine A=0,1540 nm, kaoji radi na 40 kV u 40 mA. Merenja su radena od 5 do B0*
{2@), dok je brzina skeniranja bila 5"/min sa korakom od 2°. Morfologija uzoraka ispitivana je
SEM-EDS koriscenjem JEOL JSMEBLOLY. Sva elektrohemijska merenja uradena su na Gamry
potentiostat Interface 1010E (Gamry Instruments, Warminster, PA, USA) u troelektrodnom
SistemuL.

Tabela 1. Oznoka uzorka i vreme mievenja pirafilita

P-0 0
P-15 15
P-30 30
P-120 120

Kao referentna elektroda je koriScena Ag/AgCl elektroda, kao pomocna platinska Zica,
dok je kao radna elektroda koriscena konstruisana elektroda od ugljenicne paste modifikovana
pirofilitom. Ova elektroda se sastoji od bakamne Zice koja je provodnik i poliacetilena kao kudista
koje se puni pastom koja se pravi od pirofilita i ugljenika, a kao vezujuca tecnost korisceno je
parafinsko ulje. Kod cikliéne voltametrije kao elektroliti su korisceni 0,5 M Hz504 i 0,1 M KCI
kome je dodat 1 mM KsFe{CN).. Merenja su vriena u opsegu potencijala od - 0.5 Vdo + 1,1V,
dok je brzina skeniranja u oba slecaja iznosila 50 mV/s. Diferencijalna pulsna striping
voltametrija radena je u Briton-Robinsonovom puferu na razlicitim pH vrednostima od 4-8.
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Merenja su vriena u opsegu potencijala od +0,2 ¥ do +1,2 V, akumulacioni potencijal je iznosio -
0,15 W, akumulaciono vreme bilo 60 s i brzina skeniranja 50 mV)/s, a kroz rastvor je sve vreme
produvavan azot. Opseg koncentradje karbendazima u kome je radeno merenje bio je od 1
ppm do 10 ppm.

Rezultati i diskusija
Rendegonastruktuma analiza

Strukturme promene izazvane razlicitim trajanjem mehanickog mlevenja od 01 120 minuta date
su na slici 2.
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Slika 2. Difraktogrami uzorka kaji su mieveni 0 (P-0), 15 (P-15), 20 (P-20) i 120 (P-120) minuta

Dve osnovne faze pisutne u rudi pirofilita iz rudnika Parsovic sa karakteristicnim refleksijama na
uglovima 2@ su: pirofilit na 9,68" (odgovara (001) refleksiji) i 29,21% (003) i kvarc na 20,34" (100)
i 26,72° (001). Karakteristicna d vrednost za pirofilit za (001) refleksiju je 9,13 A, za (003) 3,06 &,
dok za kvarc ona iznosi 4,24 A (refleksija (1000) i 3,31 A {refleksija (011)). U toku
mehanohemijske modifikacije, dolazi do promene u kristalnoj strukturi pirofilita, 5to se o
difraktogramu moZe videti kao Sirenje tipicnih refleksija koje pripadaju pirofilitu ili potpunom
nestanku istih. Makon 15 minuta mlevenja, intezitet refleksija se smanjuje, dok nakon 30 minuta
refleksije [001), (002), (003) i (005) skoro da nestaju [13]. Refleksije koje pripadaju kvarcu su i
dalje uodljive na difrakogramu zato 3to kvarc ima tvrdu strukturu od pirofilita, pa je potrebno i
veie vreme mlevenja da bi se njegova stuktura promenila.

Skenirajuca elektronska mikroskopija

Morfologija uzoraka koji su mileveni 0, 15, 30 i 120 minuta ispitivane su skenirajucom
elektronskom mikroskopijom (slika 3.)
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Slika 3. SEM mikografije uzoraka misvenih a) 0 (P-0) b) 15 (P-15) c) 20 (P-30) i &) 120 minuta (P-120)

Sa slike 3. uofava se da Cestice pircfilita imaju laminarnu strukturu, hrapave su povrsing i
razlicite su welifine. Mehanohemijska modifikacija dovodi do smanjenja velidine cestica, a
samim tim i do promena u morfologiji. Castice viie nemaju slojevitu strukturu, vec postaju
zaobljene =a hrapavom povriinom. Makon 15 minuta mlevenja, dolazi do smanjenja velicine
festica i povecanja specifitne povriine, a nakon 30 minuta mlevenja, dolazi do aglomeracije.
Aglomeradija je izraZenija kako raste vreme mlevenja. Ovi aglomerati se sastoje od velikog broja
slepljenih cestica, pa je zbog toga specifitna povriina znadajno smanjena kako raste vreme
mievenja i smanjuje se velidine cestica [14].

Ciklitna voltametrija

Ma slici 4. dati su voltamogrami dobijeni u 1 mb EsFe{CN)su 0,1 M KCI (slika 4a) i w05 M H50,
(slika 4b) na elektrodi od ugljenicne paste modifikovane pirofilitom sa parafinskim uljem kao
vezujucom tecnoidu gde je odnos ugljenika i pirofilita bio S0P:50C za mehanohemijski tretiran
pirofilit u vremenu od 0 do 15 minuta. Sve tri elektrode su stabilne, a procesi koji se odigravaju
na elektrodama su reverzibilni. Cdvajanje od wvrha maksimuma do vrha maksimuma je u vezi sa
kinetikom prenosa elektrona i na osnovu slike se moZe zakljuditi da su najreverzibilnije i najbrie
elektrohemijske reakcije prenosa elektrona kada se koristi elektroda kod koje je pirofilit
mehanohemijski tretiran 15 minuta. Ovo je posledica povedanja spedficne povriine pirofilita.
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Slika 4. Vialtamogrami dobijeni- 6) u 1 mM K.Fe{CN)su 0,1 8 KO i B) 0.5 M H250,
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Diferencijalna pulsna “striping” voltametrija

Ma slici 5. dati su diferencijalno pulsni voltamogrami za odredivanje karbendazima u Briton-
Robinsonovom puferu na pH 4 (a) i kalibraciona kriva (b).
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Llika 5. a) Diferencijaino pulsni voltamogromi za edredivanje karbendazima w Briton-Robinsenovom
puferu na pH 4 i b} kalibraciona kriva

Maksimum na +0,96 V odgovara oksidaciji karbendazima i raste sa porastom koncentracije ovog
pesticida. Detekcija karbendazima radena je u koncentracdionom opsegu od 1 ppm do 10 ppm.
! ovom koncentracionom intervaly mogude je izvriiti detekciju sa r= 0,999. Granica
kvantifikacije je iznosila 1,03 ppm, limit detekcije 0.3 ppm, a relativna standardna devijacija 2,3
Y.

Zakljuiak

Mikrostrukturna i morfoloZka analiza dobijena rengenostrukturnom analizom i skenirajucom
elektronskom mikroskopijom pokazuje da mehanchemijska modifikacija pirofilita dovodi do
poboljZanja njegovih sorpcionih svojstva. Ova)] materijal je pokazao odliénu elektrohemijsku
aktivnost, pa se mofe koristiti kao komponenta u konstrukciji elektrohemijskih senzora za
detekciju karbendazima. Rezultati dobijeni ciklicnom voltametrijomn pokazuju da je elektroda
konstruisana na ovaj nadin stabilng, jednostavna za konstrukciju i visoko osetljiva. Ovaj senzor
je u Briton-Robinsonovem puferu na pH 4 pokazao najvecu osetljivost u opsagu od 1 ppm do 10
ppm sa granicom detekcije od 0,3 ppm.
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Characterization of pyrophvllite as a potential material for
obtaining ceramic membranes

Katarina 7. To#i¢!, Sara G. Mijakovi¢!, Bojana M. Paskas Manmla!,
Ana V. Vujadié Nikezié!
! Finfa Institute of Nuclear Sciences, University of Belgrade, Narional Institute of the Republic of Serbia,
Belgrade, Sevbia

Pyrophyllite iz one of the most common natoral clay material: and shows great
physicochemical characteristics. Iis low electrical and thermal conductivity, low
coefficient of expansion, good mechanical strength. as well as excellent stability during
heating, make 1t very suitable for use in different areas. Pyrophyllite 15 nsed m many
industries, such as the paper and plastic industry, bricks, ceramics, cosmetics, plants, and
mubber industry, but also for wastewater treatment. It 15 a potenfial material for obiaming
ceramic membranes for water filtration [1. 2]. In ow siudv., pywophviliie was
ultrazomically treated in order to remove other mmpunities, after which pastilles were
made under the pressure of 30 MPa, and thermally modified at the temyperature of 1050
“C in a time inferval of 2-6 h. After the modification, the changes were monitored by
different methods: X-ray structural analysis (XFD), infrared spectroscopy with Fourier
transform (FTTE), scanning electron mucroscopy (SEM), Raman spectroscopy, as well
as thermal analysis methods, thermogravimetric analysis (TGA) and differential thermal
analysis (DSC). Tt was shown that amorphization and debydroscylation, az well as
hemopgeneous arrangement of pores. cccwred after the thermal treatment Except for
the release of excess water, the thermal treatment led to the removal of certain
unpurities present in the sample.
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Lok noTerumnjan BOQOHMKE KBO UIBOPA eHeprje
M WDYYMOr CacTOjka Yy MHOrHMM NEPCNEKTHBHUM
NO/MBUMA  JBYACKOT pPaaa  ocraje  3HavajaM,
uIdIoBKM Y YeNOCTaBmarby  BOAOHUMHE
EKOHOMU|E CY U Aasbe Benukd. OBo jo yraasHom
3ATO WTO Npenpexe W HEAOCTAUM MOopajy Aa ce

pewasajy Yy OMBMPY COMX  KOMNOHEHTH
BOAOHUYHE EXoHOMMje WUCTOBPEMEHD:
NPOMIBOAILE, CKNAAMIWTEHA, TPAHCNOPTa W

AncTpubyupmje, CRAAAMITEIGE DOAOHNKA |& Kbyu
332 passo| curypHe W eduKacHe BOAOHWYHE
exomommje. Boaonnk wma Hajeehy cneunduuny
eHeprvjy oa 6uno Kor ropuea; mehytim mana
SANPEMHMHCHE  TYCTHMHA  NPW  CTAHOAPAMHM
YCNOBMMA HMMa 33 PESYATET HMCKY (YCTHHY
EHEPIW|E, WTD 33XTEB3 Pa3B0O| MHOBATHBHWX
METOAA cKNaaMwTesba Kako Gw ce nocturna
seha ryctuna erepruje. Boaonnx ce $usmukm
MOME CKNAAMWTHTH Ka0 fAC MAKM  TEYHOCT.
CHNapMIUTEE BOAOHMKA MHao raca obwywo
JAXTEDA PeICPOOIPE NOA BHUCOKHM NPUTHCKOM
(350-700 Gapa). Cknaguwrerse BOAOHWMA Y
TEYMOM CTalby 3AXTEBa HWCHE TeMNepaTtype jep
je Tauka woyualka GOAOHMKR NPU  NPUTHCKY
Jeane atmocdepe -252,8 *C. BoaoHuk ce rakohe
MOMKE CRNAOMIITATH HA NOBPLWNHK  NBPCTHX
cyncraHuy  (agcoprnumjom) WM YHYTap teMX
{ancopnuujom). Kpajisu wan 3a rpaeumeTpujckmn
HANAUMTET CRABANWTELD 3a MoBunHe npumere,
NOCTAaB/BEH  0f  CTpaHe MuHucrapcraa
enepretvre CAJLL je 2,2 kW/kg wim 6 wt.%.
Mehy meranHum  XMAPUAUMA, MarHeaujym
xuapua (MgH;) mome aa nenysu ose nortpebe.
MgH; je jeaan on matepujona 3a craagmuTebe
BOAOHMKA KOju  Hajsmwe obehasa jep ce

While the potential of hydrogen as an
energy source and crucial ingredient in
many prospective fields of human endeavor
remains significant, the challenges in
establishing a hydrogen economy are still
significant. This is mostly because obstacles
and drawbacks have to be addressed within
all components of the hydrogen economy
simultaneously: production, storage,
transportation, and distribution. Hydrogen
storage is the key for the development of
safe and efficient hydrogen economy,
Hydrogen has the highest energy per mass
of any fuel; however, its low valumetric
density at ambient temperature results in a
low energy per unit volume, therefore
requiring the development of innovative
storage methods that have potential for
higher energy density., Hydrogen can be
stored physically as either a gas or a liquid.
Storage of hydrogen as a gas typically
requires high-pressure tanks (350-700 bar).
Storage of hydrogen as a liquid requires
cryogenic temperatures because the boiling
point of hydrogen at one atmosphere
pressure is ~252.8°C. Hydrogen can also be
stored on the surfaces of solids (by
adsorption) or within solids (by absorption).
The ultimate goal for gravimetric storage
capacity of mobile applications set by the
U.S, Department of Energy (DOE) is 2.2
kW/kg or 6 wt%. Among the metal
hydrides, magnesium hydride (MgH;} can
fulfill this requirement. MgH; is one of the
most promising hydrogen storage materials
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AvpekTHo  dopmupa  peakumjom Mg ca
racoeMTMM BOAOHMKOM M JOCTHKE BHUCOK
cneunduinm KanaumTer (7.6 wt.%).
Tepmopmnammuke Gapujepe y  paarpagron
MarHesujym xuapuaa y obauky npaxa  wam
TAHKOT GWUAME CY NPEOAMET MHOMX  MAYNHIX

WCTPAMMOMLA, Npe  CBEFa  KPO3  NPOUec
Aectabuausaumje  cTpykrype  xugpuaa (1)
Hajuewhe ropruwhena merona 3a
Aecrabnanzaumjy xMApHAS je

HAHOCTPYKTYPHPAHE MEXIHMUKMM  MACECHeM
KOj& AOBOAM A0 CMArbEIHA BEAMYHMHE YECTULE M
wpucranuta npaxa MgH;. Meroae ospaunsarba

joruma ce TaKohe KopHcTe [2].
HawnocTpyurypupare ce vecto kombuxyje ca
AOABTHOM  Karanusarops »  dopmuparcem

womnoaura [3-7). Crora, ceojcTea crknagmwTesba
BOAOHKKAE MOFY CE NPUAATOAUTH AOARBAMEM
mane KonuuuHe npenaskux merana (Ti, V, Fe,
Co, Ni, Cu), oxcuaa npenasHux merana (WO,
Ce0;, VO, TiD;) mam Gopuaa (TiB) [3-7). ¥
JAOMCHOCTH O Y/IOMEHEe eHepruje ToMom
NPOUECa MIEBEHA, TUMHUHO BPEME MAEBEHLA 30
MErHesnjym Mam marmesnjym xuapus ce spehe
oa 15 min go 20 h 3a BMCOKOEHEpreTcke
maurose u o 20 po 150 h 3a HucKoeHepreTexe
mannose, Hajsehu Ae0 ncTpamuBaba yCMepeH
e Ha mopdonowse, CTPYRYYPHE "
TepMOogMHaMKHKE edeKTe THMNHYHEe 3a AyTo
BPEME MAeBeHLa, AOK CY y 080M pagy npahewne
npomMene Koje ©e& Aewasajy nNpu  KPaTkom
BPEMEHY MNEBEHHE.

Aasse, npouyecu Koju ce opsujaly Toxom
AecOpnuMje BOAOHWKA W3 TaHkux ¢mamosa
Mg/MgH: HakoH MoaudMHEUM|E  JOHCRUM
ospayneMbem cy Taxohe Buau y dorycy Hawer
NCTpamMBarea, 3pavere je xopwwheno za ce
pobuje TawHa HONMYMHA TasmHacTmx gedenara
ywytap  aobpo  pedummcane  aybumcke
ancrpnbyumje. MNokasaHo je aa senuunHa, obnuK
M KoHUueHTRauMja Mg jesrapa HacTanux ToKom
Agcopnumje BOAOHKMKA M3 TawKux  (UAMOSS
MgH; 3aBMce 0f  KAPaKTEPHCTMKE W
Avcrpubyupie  vnaykosanmx  pedexata. Y
HecapaueHum yzopumma obnuk jesrapa Mg Je
chepruan, Q0K je Yy O3IPANEHVM  YIOPUMMA
peoma wenpasmnad. Bapujaumje y Goju yaopua
cy npumeheHe TOHOM AecopnuMje BOA0HWKE W
npe croaparba Mg jesrapa. DFT npopavynw cy
NoKazanu Aa ce YOMeHe Bapujaumje y onTHukum
cBOjCTBUMAE y3aopaxa mory objacHuTH
npomeHama y enexTpoMckoj crpystypn MgHa v
nojasom Tpake H-sakaMumje yHyTap eHepreTcror

because it is directly formed from the
reaction of Mg metal with gaseous
hydrogen and reaches a high mass capacity
(7.6 wt. %). A matter of thermodynamic
barriers in the decomposition of magnesium
hydride in both powder or thin film form is
the subject of many scientific studies,
primarily through the process of
destabllization of the hydride structure [1).
The most commeonly used method for
hydride destabilization is nanostructuring by
mechanical milling which leads to reduction
in the particle and crystallite size of the
MgH2 powder. Further, ion irradiation is
also used [2]. Nanostructuring is often
combined with catalyst addition and
composite formation [3-7]. Therefore, the H
storage properties can be tallored by
addition of small amount of transition
metals (Ti, V, Fe, Co, Ni, Cu), transition
metal oxides (WO0z CeO; VO TIO;), or
borides (TiB;) [3-7). Depending on the
energy Input during the milling process, the
typical milling time for magnesium or
magnesium hydride ranges from 15 min to
20 h for high-energy mills and from 20 to
150 h for low-energy mills. Most of the
research is focused on the morphological,
structural and thermodynamic effects
typical for long milling times, while we have
followed the changes taking place under
short milling time,

Further, processes taking place during
hydrogen desorption from Mg/MgH: thin
films upon modification by lon irradiation
were also in focus of our investigation.
Irradiation was used to produce exact
quantities of point defects within well-
defined depth distribution, It was shown
that the size, shape, and concentration of
Mg nuclei formed during hydrogen
desorption from MgH; thin films depend on
the characteristics and distribution of the
induced defects. In non-irradiated samples
the shape of Mg nuclei is spherical, while in
irradiated samples it is highly irregular.
Variations in sample color were observed
during hydrogen desorption and before the
creation of Mg nuclei. DFT calculations
showed that the observed variations in the
optical properties of samples can be
explained by changes In MgH: electronic
structure and the appearance of an H-
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npouena MgHa. C apyre ctpame, moamduraumja
W3azsada sarsapatbem ca TIO; ne yTuue Ha
o6k jearapa, OBanK je chepunaH W He 3aBucK

o Aebmuve dunma, Benuunna w
KOHUEMTPauMja jesrapa je noeesasa ca
AebrouHom  punmosa. O6e  moauduxaumje

(RoAaBaNSe AAMTUBA UM TAUKACTHX Aedexara)
AOBOAE A0 CMAbEILa NOYETHE TEMNEPaTYpe 33
Accopnunjy W noBombwarna KHHHETHHE npoueca
[8).

Jeo Hawer ncTpamnsarna nocsehen je npoueHn
XEMUjCKOr BEe3anBara " crabuntoctv
JEAHOCTABMUX MeTanHux xuapuwaa w MgHs
ADMMPAHOr  NPenasHum  Meranuma  nytem
aHanMse TONONOMJE FYCTHME Hae/IexTpUCatba
KaKko Ha nowanwom (Bapeposa Teopuja aroma y
MONIEKYNIMM3E) TaKG W H3  MHTErpanHom
{HexoBaneHTHe MHTEpaKumje) HMesoy. Tpenaoen
Y MaKpOCKONCKMM CaojcTEMMa  (Temnepartype
TOon/BeIba, YRYNHa TEPMOAHHAMMYKA
cTabUNHOCT, @NAcTHUHA CBOJCTEA UTA,) YOUEHH Y
cepujama  jeaurberba Kao WTO CY  AKINHKW
XMAPHOM W XANOTEHWAW, MOTY C8 NPHNKCaTH
NOCYO|atby CYNTHUAHMX Pa3nvKa y TONoNOrMjama
rycTHHe Haenewvpucarea. Ose  pasivke Ha
NOXANHOM  HMBOY  MOry  ce  OnucaTH
noprwherem paanuuuTor 6poja "
AvetpuByumje  cTauMoMapHux  (KpMTMUHIX)
TauaKka rycride Haenextpucarwa. Ha wwpoj
CKanW, pervoMM nNpuBAauHKux ¥ ogbojHux
uwHTepakuMja mory  ce  waeHTMduKosaTi
rxoprwherem HoHUenTa HeKOBANCHTHMX
UHTEpaKuMja, JIOKaNHKU KOHUENT je HeaoBo/bal
Aa onuiie TonanowkK npenas namely LiH — NaH
— KH, Hako LIH w NaH npunagajy pasausuTum
TONOAOWHWUA  HASCAMA, HeAOKANIMK  NpUCTYN
orkpuea aa je NaH sanpaso npenasuu cayyaj, ¥
KOM npuanayne H-H KOHUEHTpaumje
HAENEKTPHCAa HUCY ADSOMHBHE A3 WCNYHe
ycnos  Besusarba.  Komnaekoda  CTpyKTYp2
HENCOINeHTHE MHTEpPaKUMje CMarmeHor
IPAAMIEHTE MYCTHMHE HARNEKTPUCAILA Y [OHCHOM
MgH; ca npesmM W Apyrim Cyceanmm atomuma
3aMeena je  MSPAKEHWIMM  yCMepeHum
B823MBaKEM €3 NPBMM CYCEAHWM aTOMMMA Y
MgH: ACNUPAHOM NPenasHnm MeTanuma.
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