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Abstract: The paper examines the features of space charge formation in anodic oxide films of
metals, in particular within the Al — AL O, — electrolyte system, which is essential for understanding

physicochemical processes at phase boundaries. It is substantiated that anodic oxide films are
characterized by the presence of space-charge regions that significantly affect the electrical and optical
properties of the material.

The results of experimental studies aimed at investigating the electrical characteristics of the
Al — Al,O,system in contact with various types of electrolytes are presented. It has been established

that when the samples are immersed in aqueous solutions of acids, salts, and alkalis, as well as in non-
aqueous electrolytes, a potential difference spontaneously arises between the electrodes. Its magnitude
depends on the nature of the electrolyte, its concentration, and the experimental conditions. The
performed measurements made it possible to quantitatively assess the influence of the medium
composition on the electromotive force of the system. The fundamental possibility of creating primary
power sources based on the studied system has been established, opening prospects for their
application in micro-power engineering and autonomous sensor devices. Particular attention is paid to
the luminescent properties of oxide films: it has been found that the recombination of ions arriving
from the electrolyte onto the ALO,surface is accompanied by light emission, the intensity of which

strongly depends on the chemical composition and concentration of the electrolyte.

The obtained results indicate the potential use of anodic aluminum oxide films as sensitive
elements of sensors for monitoring the composition of liquid media, which is of practical importance
for environmental monitoring, chemical analysis, and technological processes.

Keywords: aluminum oxide films, electrolyte, potential difference, electromotive force (EMF),
space charge.

JOCJI)KEHHSI EJEKTPOPYIIIMHOI CUCTEMHU Al-AlLO; -
EJEKTPOJIT

Binincnka JI. M.! Bypaak I'. M.!

Y00ecvra Oeporcasna axademis OYOIsBHUYMBA Ma apXiimeKxmypu

AHoTanis: YV po6oTi po3risiHyTo 0COOIMBOCTI (POPMYBaHHS IPOCTOPOBOTO 3apsily B aHOIHHX
OKCHJIHHX IUTIBKaXx MetaiiB, 30kpema B cucteMmi Al — Al,O, —— enexTpoiniT, 10 € BaXIMBOIO JUIS

pO3yMiHHSL (i3UKO-XIMIYHMX TpoleciB Ha Mexi mominy ¢as. OOrpyHTOBaHO, IO JJIsSi aHOJHHX
OKCHJIHHX IUTIBOK XapaKTepHa HasBHICTh IPOCTOPOBO-3apsIIKEHUX 00JacTei, SKi CyTTEBO BIUIMBAIOTh
Ha €JIEKTPHYHI Ta ONTUYHI BJIACTUBOCTI MaTepiaiy.

HaBeneHo pe3ynbTaTd eKCIEPUMEHTAIBHUX JIOCHIDKEHb, CHPSIMOBAHUX HAa BHBUCHHS
enekTpuuHuX XapaktepucTuk cucreMud Al — AlLO, mipu 11 KOHTaKTi 3 PiI3HUMH THUIIAMH €JIEKTPOJITIB.

BcraHoBieHo, 1110 Mpu 3aHYPEHHI 3pa3KiB Y BOJIHI PO3UMHHU KUCJIOT, COJICH 1 JIYTIiB, a TAKOXK y HEBOHI
€JIEKTPOJIITH, MIXK €JIEKTPOJJaMU CAMOYMHHO BHHUKAE PI3HMIIS MMOTSHINAJIB, BEJIMYMHA SIKOI 3aJICIKUTh
BiJl IPUPOJAU EINEKTPONITY, HOro KOHIIEHTpalii Ta yMOB ekcrnepuMeHty. lIpoBeaeHi BUMiprOBaHHS
JTO3BOJIMIIH KUTbKICHO OI[IHUTH BIUTHB CKJIQJy CEPEAOBHUIIA HA SIEKTPOPYIIIHHY CHITy CUCTEMH.
BcTaHOBIIEHO NPUHIMIIOBY MOJJIMBICTH CTBOPEHHS Ha OCHOBI JOCHIKYBaHOI CHCTEMH
MEPBUHHUX JDKEPEI CTPYMy HOBOIO THITy, IO BIJKPHBA€ TMEPCIEKTHBH I1X BHKOPHUCTAHHS B
MIKPOCHEPTETHUIll Ta aBTOHOMHHX CEHCOPHHMX HpUCTposiX. OKpeMy yBary MPHIIJICHO JOCIHIKCHHIO
JIFOMIHECIICHTHUX BJIACTUBOCTEH OKCHIHHUX ILIIBOK: BHUSBJICHO, 1110 PEKOMOIHAILIIS 10HIB, SIKI HAAXOIATh
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3 enektpoiity Ha mnoBepxHio Al,O; cynpoBOmKyeTbCs BUIPOMIHIOBAHHSAM CBITJIA, IHTCHCHBHICTbH

SIKOT'O ICTOTHO 3aJIEXKHTh BiJl XIMIYHOTO CKJIay Ta KOHIIEHTPAIlii EIeKTPOIIITY.

OtprMaHi pe3ynbTaTH CBiMYATh MPO MOXIIMBICTb BHKOPHCTAaHHS aHOMHWUX OKCHIHHX TILTIBOK
ATIOMIHIIO SK YYTJIMBUX EJIEMCHTIB CEHCOPIB JUIsl KOHTPOJIO CKIIANY PIKUX CEPEAOBHUII, MO0 Ma€
MPaKTHYHE 3HAYCHHS IS EKOJOTiYHOTO MOHITOPHHTY, XIMIYHOTO aHami3y Ta TEXHOJOTI9HUX
MIPOIIECIB.

KarouoBi cjioBa: OKCUIHI IUTIBKH aQJIOMIHIIO, €IEKTPONIT, pi3Huld mnoreHmianis, EPC,
MIPOCTOPOBHIA 3apsil.
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1 INTRODUCTION

Metal oxide films are objects with high catalytic surface activity. Adsorption of
molecules and ions from the environment on the surface of the oxide is very active. As a
result, energy levels of adsorption origin appear in the forbidden zone. This allows the use of
oxide films as detectors of the composition of the environment. Anodic aluminum oxide is
one of the promising materials for sensor applications. Anodic oxide films of many metals are
characterized by the phenomenon of space charge formation. The presence of a space charge
in these films, the nature of which remains uncertain, indicates the possibility of using
aluminum oxide films as anode electrets, as well as sources of weak currents. In this regard,
there is a need to find out the mechanism of space charge formation in aluminum oxide films.
On the other hand, the task of creating current sources is based on the knowledge of this
mechanism.

2 ANALYSIS OF LITERARY DATA AND RESOLVING THE PROBLEM

Aluminum oxide films are used to create structures metal dielectric semiconductor,
capacitors, humidity sensors, development of functional micro- and nanomaterials. Due to the
properties of the porous structure, the development of nanoporous anodized materials is
interesting from the point of view of obtaining membranes for the removal of toxic and
valuable components from liquids. [1, 2]. The work [3] describes the development of the
technology of thin-film sensor coatings made of porous anodic aluminum oxide grown on
aluminum films on glass substrates. Metal oxide nanostructures are promising electrode
materials for lithium ion batteries and supercapacitors due to their high specific capacity [4].
Structures based on oxide films exhibit characteristic reactions when interacting with light.
This makes such structures an attractive material for the development of optically active
devices [5, 6]. Amorphous ALQO, films obtained using pulsed laser deposition can serve as

materials with high dielectric constant for electronic devices of the new generation [7].

Anodic oxide films of many metals are characterized by the phenomenon of space charge
formation. It was shown [8] that the Al/Nanosilicon/Al thin-film structure with a porous upper
contact can spontaneously generate EMF when interacting with water vapor in the
surrounding atmosphere. The main cause of EMF generation is the reaction of water with
silicon nanoparticles. Water is necessary for chemical reactions and proton conduction that
lead to EMF generation. The generation of electric current by nanoporous hydrocells based on
metal oxide by water dissociation has been thoroughly investigated [9]. The generation of
current due to the dissociation of water on the surface has been confirmed as a distinctive
property of all metal oxide hydrocells.

Earlier [6, 10] we discovered that if the resulting Al — Al,O, —SnO, structure is placed in

an atmosphere containing water vapor, a potential difference of 0.4 - 0.8 V occurs between
the electrodes. The value of this potential difference and current depend on the technology of
preparing the oxide film, as well as on the concentration of water vapor and temperature. It is
shown that the EMF arises as a result of the dissociation of water molecules adsorbed on the
surface of the micropores of the oxide. It is obvious that the emergence of EMF should be
expected even when dissociation does not occur on the water surface, and charged ions come
from the external environment, for example, the electrolyte. Negatively charged ions are able
to supply electrons to the film, which, due to their greater mobility compared to ions, are able
to charge the aluminum electrode negatively, leading to the emergence of EMF in the
Al — Al,O, —-electrolyte system. Despite the widespread use of anodic oxide films on

aluminum in various fields of technology, their rich functional properties remain little studied
and not fully understood. Due to the need to expand the functionality of microelectronic
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devices based on aluminum oxide films, it was of interest to find out the specific mechanism
of space charge formation in these films.

3 PURPOSE AND TASKS OF THE STADY

The purpose of the work is to study the occurrence of EMF in the Al - Al,O, —electrolyte
system and clarify the mechanism of space charge formation.

4 RESEARCH RESULTS

The paper studied aluminum oxide films obtained by electrochemical oxidation of
aluminum foil in a 3% aqueous solution of oxalic acid [6]. The non-oxidized part of the
aluminum foil was used as a contact. The second contact was a layer of SnO2 applied to the
oxide film by pyrolysis of SnCI4. The contact area was approximately 1 cm2. The SnO, layer

served as an ohmic contact, in addition, this layer has significant porosity and does not
prevent water vapor from the surrounding atmosphere from penetrating to the surface of the
micropores of the oxide film.

It was found that if the resulting Al — ALO, —SnO, structure is placed in an atmosphere

containing water vapor, a potential difference of 0.4 - 0.8 V occurs between the electrodes.
The value of this potential difference and current depend on the technology of preparing the
oxide film, as well as on the concentration of water vapor and temperature. It is shown that
the EMF arises as a result of the dissociation of water molecules adsorbed on the surface of
micropores of the oxide and the spatial separation of the charge along the film thickness due
to the difference in the values of the diffusion coefficients of charged particles of the opposite
sign, which are formed during dissociation.

We further proposed that the occurrence of EMF should also be expected when
dissociation of water on the surface does not occur, and charged ions come from the external
environment, for example, the electrolyte. In this case, not neutral molecules, but charged ions
of the electrolyte of both signs, reach the surface of the film from the electrolyte. Charged
ions of the electrolyte interact with the surface of the oxide film. Negatively charged ions are
able to supply electrons to the film, which, due to their greater mobility compared to ions, are
able to charge the aluminum electrode negatively, leading to the emergence of EMF in the Al-
Al203-electrolyte system. Thus, the EMF should also appear when the oxide film is placed in
the electrolyte solution.

To confirm that EMF in aluminum oxide films occurs in contact with the electrolyte, we
performed measurements when the investigated films were immersed in aqueous solutions of
acids, salts, and bases, as well as non-aqueous electrolytes. Indeed, it was found that the EMF
appeared when the system of oxide films was immersed in these electrolytes, and the
magnitude of the EMF depended on the nature of the electrolyte. In all cases, the aluminum
electrode with an oxide film on it acquired a negative potential.

When using electrolytes containing strong acids, bases and salts, although the EMF value
was large, intense dissolution of the aluminum electrode was observed. Obviously, the oxide
film, due to the presence of micropores in it, is not able to fully protect the aluminum
electrode from its destruction, so the choice of electrolyte was determined by less active
substances, for example, salts of weak acids and bases. Aluminum was used as the second
counter electrode. In this case, due to the flow of electrochemical processes in the studied
system, one should expect either the absence of a potential difference, or the electrode without
a film should be negatively charged, since it should dissolve more strongly than the one
covered with an oxide film. In fact, the experiment observed the presence of a potential
difference, and the aluminum electrode with an oxide film is negatively charged. This speaks
in favor of the fact that the formation of EMF goes largely by the proposed mechanism.
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Measurements were made with aluminum oxide films immersed in a 3% solution of
ammonium sulfate salt. The area of the part of the oxide film immersed in the electrolyte was
3 cm2, and its mass was 93 g. Since the dissolution of the aluminum counter-electrode was
still observed during the operation of the system, a more chemically stable graphite rod was
used as the second counter-electrode. EMF was observed on all samples, the value of which
was 0.1-0.6 V. In fig. 1 shows typical dependences of the current strength in the
Al — Al,O, —electrolyte system from the time of testing (16 months) at a load resistance of 1

kQ.

After the tests, the samples were freed from the electrolyte, dried, and their weight loss
was determined, which is obviously related to the flow of electrochemical processes in the
system under study. Weight loss was determined by weighing and amounted to 3 mg for the
sample shown in Fig. 1, curve 1, and 7 mg for the sample shown in Fig. 1, curve 2.
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Fig. 1. Dependence of the current strength in the Al — Al,O, —system — electrolyte
from the time of testing (16 months) at a load resistance of 1 kQ.

The total amount of electricity passed through the system and the amount of electricity
passed due to electrolysis was evaluated. The total amount of electricity that passed through
the Al - AlQ, —-electrolyte system was determined from Fig. 1 by the area under the curve

and was approximately 400-450 C for each sample. The amount of electricity passed due to
electrolysis was determined by the weight loss of the sample, taking into account the value of

the electrochemical equivalent, which for aluminum is equal to 9,3-10°g/C, and was 30 C

for sample 1, and 70 C for sample 2.

A comparison of the total amount of electricity passed through electrolysis shows that
electrolysis contributes much less than the total amount of electricity. This fact suggests that
electrolysis is not the main process responsible for the flow of current in the system.

It is obvious that the occurrence of EMF and the appearance of stationary current in the -
Al — Al,O, —electrolyte system occur in this way. Positively charged ions coming from the

electrolyte lead to charging as a result of adsorption of the surface of the oxide film adjacent
to the electrolyte. Negatively charged ions ensure the arrival of electrons to the film, which
then diffuse to the aluminum electrode, as a result of which it acquires a negative potential.
The neutral radicals formed at the same time leave the surface of the film, enabling the entry
of other ions to it, which ensures the stationary nature of the current flow when the circuit is
closed due to the resistance of the load. The recombination of ions coming from the
electrolyte to the surface of the oxide film leads to the appearance of luminescence, the
intensity of which also depends significantly on the concentration of certain substances in the
electrolyte [6].
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The value of EMF arising in the Al — Al,O, —- electrolyte system is the same as in the Al-

Al,O3- SnO> structures located in the atmosphere of water vapor, however, their internal
resistance is different, and therefore the currents that can be removed during the operation of
such structures on an order of magnitude higher than for Al-Al,O3z- SnO> structures. It was

found that the specific capacity is 200300 44/ kg , the specific energy is 10 Wh/dm?®.

5 DISCUSSION OF THE RESULTS OF THE STUDY

The systems considered by us can obviously be used as primary elements of current
sources. Since the magnitude of the current depends significantly on the nature of the
electrolyte, aluminum oxide films have sensory properties and can be used to determine the
concentration of certain substances in the electrolyte. Also, these films can be used to create
sensors in aqueous solutions of some inorganic substances.

For the practical use of current sources, it is necessary that aluminum oxide films do not
break down during operation, that is, they should be able to function for a long time. One of
the ways to improve these elements of current sources is to replace the agueous electrolyte
with a chemically less active, non-aqueous electrolyte.

6 CONCLUSIONS

The results of studies of aluminum oxide films obtained by electrochemical oxidation of
aluminum foil are given. It was found that if the resulting Al — Al O, —electrolyte system is

placed in an electrolyte solution, a potential difference occurs between the electrodes. The
total amount of electricity passed through the system and the amount of electricity passed due
to electrolysis was evaluated. It is shown that electrolysis is not the main process responsible
for current flow in the system. The mechanism of formation of EMF in the studied system is
proposed. An important possibility of creating primary elements of current sources has been
established. It is shown that the Al - Al,O, —electrolyte system can be used to determine the

concentration of certain substances in the electrolyte. The resulting aluminum oxide films can
be used to create sensors for agueous solutions of some inorganic substances.
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