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1. BBEAEHWE. HEMHOIO NCTOPUU

TeHOeHIUST COKpAIleHHs] 3aIlacoB MCKOIIAeMOro
TOIUIMBA BelleT K HeobOXOIHMOCTH Pa3paboTKU ajlb-
TepHATUBHBIX, B IIE€PBYIO Oo4Yepelb BO30OHOBIISEMBIX
HUCTOYHHUKOB SHepruu. CONHIle SIBISIeTCSI KPYITHeM-
IIMM pe3epByapoM SHEpPrUH, KOTOPBIE MOSKHO HCIIONIb
30BaTh JJIS IIPEOMIONIEHHUSI TEKYIIEro SHePreTHIeCcKOro
Kkpu3uca [1, 2]. CeronHs paboTsl B 0671aCTU COMHEUHOHN

116 DOTOHUKA TOM 16 N22 2022

Photoelectrochemical
Water Splitting

by a Nanostructured
Electrode

and Green

Hydrogen Energy

M. V. Pyatnov"?, 1. V. Timofeev'?

! Kirensky Institute of Physics, Krasnoyarsk Scientific Center,
Siberian Branch, Russian Academy of Sciences, Krasnoyarsk,
Russia

2 Siberian Federal University, Krasnoyarsk, Russia

This article describes a promising

hydrogen formation method, namely the
photoelectrochemical water splitting.

This approach combines the direct use of

solar energy and low production cost of
photoelectrochemical cells using the widely used
semiconductor materials. The latest advances

in such cell design include nanostructuring of
the semiconductor electrodes with plasmonic
materials.

Key words: water splitting, plasmonic catalysis,
photo-induced current, light-to-hydrogen
conversion efficiency

Received on: 02.02.2022
Accepted on: 05.03.2022

1. INTRODUCTION. HISTORICAL NOTES

The trend towards the reduction of fossil fuel
reserves leads to the need to develop the alternative
and primarily renewable energy sources. The sun
is the largest energy storage facility that can be
used to get over the current energy crisis [1, 2].
At present, the works in the field of solar energy
are focused mainly on two areas. The first area is
production of the solar cells (batteries) that allow
to convert the solar energy directly into the electric
energy [3]. The second area is the development
of direct solar energy conversion into the energy
of chemical energy carriers, such as hydrogen.
In 2016, 4% of the global hydrogen production
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3HepreTMKH KOHLIEHTPHUPYIOTCS B OCHOBHOM Ha JIBYX
HaIlpaB/leHHUsX. [lepBoe — co3faHMHe COTHEUHBIX 3/1e-
MeHTOB (6aTaper), IO3BOISIONKX IIPeoOPa30BbI-
BaTh 3HEPTHUI0 COTHEYHOTO CBeTa HEeIIOCPeICTBEeHHO
B 37IeKTPO3Hepruio [3]. Bropoe HampasieHUe - pa3pa-
60TKa IIpSIMOro rpeobpa3oBaHMs COTHEYHON SHEPrUHU
B SHEPrHUI0 XUMHUYECKHUX SHeproHOCHUTeNleHr, HallpH-
Mep Bozopoza. B 2016 romy 4% ob611eMHPOBOrO IIPOM3-
BOZICTBA BOZIOPOZA 0beCIieurBaIoCh 3a CYET «3e/IeHOT0”
BOZIOPOZia, II0JIy4aeMOro IIOCPeACTBOM B0O30OHOBIIse-
MBIX MCTOYHHKOB SHEPTUH, IMIABHBIM 00pa3oM mIpH
3/1eKTpoJik3e Boabl [4].

Bomopon  sBseTCs 1leHHOM ajbTepHATHBOM
TOIUIMBY C HYJIEeBBIM YPOBHEM BBIODOCOB K MOMKeT
3aMeHMTb ApPYyTHe YIJIeBOAOPOAHble BHUABI TOILIHBA
B Pa3/IMYHBIX IIPUIOKEHHUSX, TAKUX KaK TOIUIMBHEIE
3JIeMEeHTHI, TPAHCIIOPTHBIE CPe[CTBA MM 3IeKTpHUe-
CKHe yCTpoicTBa [5]. TeroBasi SHeprus, BblAe/sIeMast
IIpY CKUTAaHHU 1 KI Bojopona, coctasiseT 147 MJDK,
YTO BBINIE, YeM Yy MCKOIIaeMBIX BHOB TOIUIMBa [6],
IIpH S5TOM 3SHeproorgada 6eH3WHA COCTaBIseT
~48 M]I>K/ KT, AU3eJIbHOIO TomauBa ~ 44,8 MK/ Kr [7].
OmHUM K3 [epClIeKTHBHBIX II0JXO00B K IIPOX3BOICTBY
BOJIOpOZa SIBAISIETCSl KCIIONb30BaHUE (POTO3IEKTPOXH-
Mudeckux ($3X) yCTpPOICTB, B KOTOPBIX IOIVIOIIEHHE
CBeTa U 371eKTPOJIN3 BOABI IIPOHCXOIAT Ha I10YIIPOBO-
IHHKOBOM doToanexkTpoze [8].

®3X-pacmierieHHe BOABl IIPHBIEKATENbHO BO3-
MOKHOCTBIO CHH3MUTH 3aTPaThl Ha IIPOU3BOJCTBO
BOJIOPOZA 32 CYeT MCIIO0JIb30BAHUS SHEePruu COJHIIA.
CumnTaercs, 4YTO onpaBraHHas 3¢eKTUBHOCTh IIpe-
06pa30BaHUS COTHEUHON SHEPTUHU B BOLOPOL COCTAB-
nser 210%, BpeMs CTabMIBHOM PabOTHI yCTPOKCTBA
5000 ugacos [9]. HecMoTpsi Ha 3Ha4YHUTe/IbHBIE YCH-
WS, IPH MCIONIB30BAHUU CTAOMJIBHBIX IIOTYIIPO-
BOAHUKOBBIX MaTepHaJloB, KOHTAKTUPYIOMIHX
C 3JIeKTPOJIMTOM, Ha CerogHs 3pPpeKTHBHOCTh IIPOM3-
BOJICTBA BOJOPOJA OrpaHMYeHa. DTO MOATAIKHBAaET
Hay4HOe COoO0bIIecTBO K HCC/IeoBaHHUIO bosee CIIOXK-
HBIX CTPYKTYyp (o0T0371eKTpofoB. Ha cerogHs Hau-
BBICIIMH AOCTUTHYTHIM KIIJl cocTaBnsieT o 1% g
OJIHO3/IeKTPOAHOM crucTeMbl P11, 12,4% ny1s TaHAEM-
HOM KOHQUTYpallMHd KU 18% [/ MHOIOIIEepeXOfHOM
cucteMsl [10]. OmHaKoO AJIsT KOMMEpPUYECKOTo IIPOH3-
BozcTBa ®IX-Bomopona ellle MPefCTOUT IIPeofoseTh
Takye IIpobseMpl, Kak JOITOBpeMeHHas HeCTabHIb-
HOCTb (OTO37IeKTPOSOB KM BBICOKASI CTOMMOCTB IIPO-
M3BOZCTBA. PaclieruieHue BOLBl — OCHOBHOe HaIlpaB-
JeHHe HCCIefOBAaHHUHN B 00/IaCTH HKCKYCCTBEHHOIO
dorocunTe3a [11]. Takum obpa3om, IIOHHMaHUe
ACIIeKTOB pasfie/ieHHsl BOABl C MCII0/Ib30BaHHEM COJI-
HeUYHOM SHepPrHUH U IIPAaBUJIbHEII BEIOOpP MaTepHaioB
IJ1sL pa3paboTKyU HemOporux, 3GPeKTHUBHBIX M BBICO-

il 4

was provided by “green” hydrogen made using
the renewable energy sources, mainly the water
electrolysis [4].

Hydrogen is a valuable alternative to the fuels
due to its zero emission and can replace other hydro-
carbon fuels in various scopes of application, such
as the fuel cells, vehicles or electrical devices [5].
The thermal energy released during the combustion
of 1 kg of hydrogen is 147 MJ that is higher than
that of the fossil fuels [6], while the energy effi-
ciency of gasoline is ~48 MJ/kg, and of diesel fuel is
~44.8 MJ/kg [7]. One of the prospective approaches
to the hydrogen formation is the use of photoelec-
trochemical (PEC) devices, where the light absorp-
tion and water electrolysis are performed using
a semiconductor photoelectrode [8].

The PEC water splitting is a good opportunity to
reduce the hydrogen production costs due to the
use of solar energy. It is considered that the feasi-
ble efficiency of converting solar energy into hydro-
gen is 210%, the stable operation time of the device
is 5000 hours [9]. Despite the significant efforts, at
present the hydrogen production efficiency is lim-
ited when using the stable semiconductor materi-
als being in contact with the electrolyte. This fact
pushes the academic community to investigation
of the more comprehensive photoelectrode struc-
tures. At present, the highest efficiency achieved
is up to 1% for a single-electrode system, 12.4%
for a tandem configuration, and 18% for a multi-
junction system [10]. However, for the commer-
cial PEC hydrogen production, the issues such as
long-term instability of photoelectrodes and high
production costs have yet to be overcome. Water
splitting is the main research trend in the field of
artificial photosynthesis [11]. Thus, understand-
ing the aspects of water splitting using the solar
energy and correct selection of materials for the
development of inexpensive, efficient and highly
stable PEC devices is an extremely crucial task.

The PEC water splitting process is applied using
the semiconductor materials that convert solar
energy directly into the chemical energy. The semi-
conductor materials used in the process are similar
to those used in the photovoltaic solar energy gen-
eration. For the photoelectrochemical applications,
the semiconductor is immersed in a water-based
electrolyte where the solar energy activates the
water splitting process.

The photoelectrochemical water splitting is
a rather new and questionable phenomenon. The
difficulty of splitting is primarily due to the fact
that water is transparent for the visible radiation,
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KOCTabuapHbIX PIX-yCTPONUCTB SB/ISEeTCS KpalHe
aKTyaJbHOU 3aJa4em.

B mpouecce ®IX-paciierieHHs BOABI HCIIOJb-
3yI0TCA IIOJIyIIPOBOJHUKOBEIE MaTepHalbl,
KOTOpble IIpeobpasyiT COTHEYHYI0 SHEPrHUIo
HeIIOCPeACTBeHHO B XMMHYECKYI 3Hepruio. Ilomy-
IIPOBOAHMKOBBIE MaTepHaJbl, KCIIOJb3yeMble B IIPO-
Iecce, aHaJIOTUYHBI TeM, KOTOPBIE MCIIOIB3YIOTCS
B doToraibBaHHUYECKOM IIPOM3BOJCTBE COJHEUYHOM
3JIeKTPO3HepPruu. [IyIs HpUIOKEeHHUH (POTO3TeKTPOo-
XUMUHU IOJIYIIPOBOJHUK IIOTPYSKAETCS B 3IEKTPOIUT
Ha BOJHOM OCHOBE, I'Jie COJIHEYHBIN CBET aKTUBH3U-
pyerT IIpoliecc pacilell/IeHUs BOABL.

®0oTO3/IeKTPOXUMHUYECKOe pacliell/IeHHe BOABL -
SIBJIeHHUe [OBOJIBHO HOBOe M HeoudyeBHAHoe. Tpya-
HOCTb pacllell/IeHHs CBsi3aHa B IIePBYI0 oyepenb
C TeM, 4YTO BOAa IIpo3padyHa i BHUAHMMOTO H3JIy-
YeHHs, I103TOMY B3aHMOJEHCTBHE BOJBI CO CBETOM
TpebyeT IIOCpeSHHKA B BHIE IOIJIOTUTENS, KOTO-
PBIF IIpUMeET OT CBeTa, HAKOMNHUT M IlepefacT Bofe
IIOPLIMIO 3HEePIMH, MAOCTATOYHYIO [AJI Ppacliernie-
Husg. OCHOBHas mpobieMa 3aKJI04aeTcs B TOM, YTO
BOJA IIpo3pavHa [ BUAUMOrOo cBeTa. ITooaTomy oHa
He MO>KeT pa3jlaraThCs HeIlOCpeACTBeHHO. B Hayale
20-ro BeKka OBLIO YCTAaHOBJIEHO, UTO HEIOCPe[CTBeH-
HoOe pas3jioskeHHe BO3MOSKHO II0[] IeHCTBHEeM H3/yue-
HMS C JJIMHOU BOJHBI Kopode 190 HM [12].

[ 3JIeKTPOXMMHYECKOTO Pa3jIo’KeHUS BOMBI
Heobx0lMMa Pa3HOCTb IIOTEHLIHATIOB MEXAY 3JIeKTPO-
namu b6omee 1,23 B [1, 2, 4]. 3Ta pa3HOCTb OTEHIHA-
JI0OB 3KBHBAJIeHTHA 3HEPrHU H3/y4eHHUs C JJIHMHOHU
BOJHBI NpuMepHO 1000 HM. [Io3TOMY, €C/IM SHEPrus
cBeTa 5PpPeKTHBHO HCIIONb3YeTCsS B 3JIeKTPOXUMHUYL-
CKOI CHCTeMe, TO MOKHO pa3jaraTb BOAy BUAUMBIM
cBeToM. ®IX-pacuierieHWe BOABI IOJ IeHCTBHEM
BUIKMMOTO U3/Ty4eHHUS C JOJIUHOM BOJIHBI Kopode 415
HM ObLI0 OTKpPHITO B 70-X rogax ®ynsucumon U XoH-
nom [13]. B KauecTBe IOCpeAHUKA -TIOIJIOTUTENS OHU
HCIOMb30BaIKU oKcup TUTaHa (TiO,) n-tuma. 2TOT
MOJIYIIPOBOAHUKOBBIM MaTepHasl C IMIHMPHUHOU 3aIlpe-
IIeEHHOM 30HBI 3 3B B KOHTaKTe C 37IeKTPOJIUTOM OKa-
3aJICsL CIIOCOBHBIM IOIIOmATh GOTOHBI M TeHEePHUPO-
BaTh [OCTATOYHBIM IIOTEHIIMAX IJIs pacliellyleHUs
MOJIEKYJIBl BOABL Ha BOLOPOI U KHCIOPOJ, HaKaIlJIK-
Bas COMHEUHYIO SHePIUI0 B XUMHYECKUX CBA3SX.

B mepBble JeCATHIIETUS II0C/Ie OTKPBITHS ABIeHU,
nomumo TiO,, mist GOTO31eKTponoB OB Mpemsio-
SKeHBI Pa3/IM4YHble MaTepHasbl, TAKHEe KaK II0yIIPo-
BOOHHKOBBIe cynbdunabl, Ni(OH),, InP, GaP, Si [14-
16].MHoOTHe H3 3THX MaTepHaloB HMEIOT HH3KYIO
CTabMIBHOCTD, IIPOU3BOLUTENBHOCTh H/IH H3TOTaB-
JIMBAIOTCS C KMCIIOJb30BAHHEM OYeHb JOPOTrHX Mare-
PHaJIOB U TeXHOJIOTHH. JaJlbHEeNIINK HCTOPHUYECKU L
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thus, the water interaction with light requires an
intermediary in the form of an absorber that will
receive an energy portion sufficient for splitting
from light, accumulate and transfer it to water.
The main issue is that water is transparent for the
visible light. Therefore, it cannot be decomposed
on a direct basis. At the beginning of the 20t cen-
tury, it was found that direct splitting is possible
in the case of radiation with a wavelength shorter
than 190 nm [12].

The electrochemical water splitting requires
a potential difference between the electrodes of
more than 1.23 V [1,2,4]. This potential difference
is equivalent to the radiation energy with a wave-
length of approximately 1000 nm. Therefore, if
the light energy is efficiently used in an electro-
chemical system, then it is possible to split water
with visible light. The PEC water splitting under
the action of visible radiation with a wavelength
shorter than 415 nm was discovered in the 1970s
by Fujishima and Honda [13]. They used n-type
titanium oxide (TiO,) as a mediating absorber.
This semiconductor material with an energy band
gap of 3 eV was able to absorb photons in contact
with an electrolyte, and generate enough poten-
tial to split a water molecule into hydrogen and
oxygen, while storing solar energy in the chemical
bonds.

During the first decades after this phenomenon
discovery, various materials were proposed for pho-
toelectrodes in addition to TiO,, such as semicon-
ductor sulfides, Ni(OH),, InP, GaP, Si [14-16]. Many
of these materials have poor stability, performance,
or are produced using very expensive materials and
technologies. Further historical progress of PEC
water splitting is closely related to the complexity
of devices in the pursuit of the stable large-area
photoelectrodes. It was only in 2005 that the inter-
est of the academic community began to heighten
rapidly, as evidenced by the number of indexed
papers devoted to the photoelectrochemical water
splitting in the Scopus database. Thus, more than
1000 articles were published in 2021.

The conventional semiconductor materials for
PEC, such as TiO,, do not allow to use most part
of energy in the visible range. Their absorption is
shifted to the ultraviolet region that is determined
by the energy band gap. In addition, they have low
mobility and high recombination of charge carriers.
In this regard, it has been proposed to supplement
semiconductors with the metal nanostructures.

Plasmonics, or the metal nanostructure optics,
can be used for efficient light capture inside the
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IIporpecc paszmesieHHs! BOLbI C IToMolnpio ®IX TecHO
CBSI3aH CO CJIOKHOCTBIO YCTPOMCTB B IIOTOHE 3a CTa-
OMIBPHBIMHU (OTOTeKTpogaMy OOJBINOM IIOMALH.
Tonpko B 2005 rogy MHTepeC Hay4YHOIO coobuiecTBa
Hadas OBICTPO BO3PacTaTh, O YeM CBUJETENIbCTBYET
KOJIMYeCTBO NPOUHIEKCHPOBAHHBIX PaboT Ha TeMy
bOTO3IeKTPOXUMHUYECKOTO paCLIeIlIeHHUs BOJIBI
B 6ase maHHBIX Scopus. Tak, B 2021 roay 6bL1o omy-
6/1rKoBaHO 60siee 1000 cTaTei.

TpamHLMOHHBIE IIOJYIIPOBOAHUKOBBIE MaTe-
puanel gna ®3X, Takue kak TiO,, He IO3BOJSIOT
KCII0/Ib30BAaTh OOJIBIIYI0O YACTh SHEPTUH B BUIHMOM
nuarasoHe. MX IOIJIoIleHHe CMeIleHO B Y/IbTpPa-
duoneToBy0 0671aCTh, YTO OIpenensieTcs MIHpPH-
HOI 3aIlpelleHHON 30HBI. K TOMy ke y HHX HH3-
Kas TIOABKJKHOCTP U BBICOKAsS PeKOMOMHAIMS
HOCUTeNeHN 3apsanma. B cBsg3u ¢ 3Tum 6bIIO mpen-
JIOKEHO [OIIOMHUTH IIONYIIPOBOOHUKU MeTaJIIHYe-
CKHMH HaHOCTPYKTYpPaMH.

[I1a3MOHMKA, WM, MHBIMH CJI0BaMM, OITHKA
MeTLIMYeCKUX HAHOCTPYKTYpP, MOXeT MCIIOb-
30BaThCs As1 3QPEeKTHBHOIO YyJIAaBIMBAHHUS CBeTa
BHYTPU aKTHUBHOro ciost mas ®IX-pacuiernieHus
Bonkel [17]. O6acTh MIA3MOHHMKU CBSI3aHA C KOJLJIEK-
THUBHBIMH KoJIeDaHHUSIMH CBODOLHBIX 37€KTPOHOB
B MeTaI/IaXx IIPH OCBeIleHHH. ITHU KOJJIEKTHBHBIE
KosnebaHUsI, UIK IUIA3MOHBI, JIOKJIU3YIOTCS Ha Cyb-
BOJTHOBOM MaciuTabe, ITOCKOIBKY MMEIOT BOJHOBBIE
BEKTOPBI, HAMHOTO 60JIbIIIKEe, YeM CBET B CBOBOHOM
poCTpaHCTBe. II0 3TOM ke MPHUUYHUHE I1JIa3MOHBI
JAIOT BBICOKYIO IIJIOTHOCTH 371eKTPOMATrHUTHOTO IO/
B HAHOCTPYKTYpaX. B pe3ynbraTe IU1a3MOHHBIE MaTe-
pHaIBl II03BOJISIIOT YCHJIHTH QOTOTOK OKHCIEHUS
BOJIHI.

B mocinemHee Bpems 6bUI0  0mybIMKOBAHO
HECKOJIbKO OO30pHBIX CTaTeM, OIMCHIBAIOIIUX IIPO-
rpecc, LOCTUTHYTHIH B 3TOM obnactu [17-19]. JJlaHHBIH
0630p IMpencTaBiaseT PYCCKOSI3BIUHOMY YHUTATeNIo
COBpeMeHHBIe [OCTIKeHHUS B 06/1acTH $OTO3/1eKTPo-
XHUMHYeCKOro I10J1y4eHHs BOLOPOZa.

2. OOTOINEKTPOXMMUYECKOE
PACLULENNEHUE BOADbI

®OTO03/IeKTPOXUMHUYECKOe pacCllell/ieHHe BOObl OCHO-
BAaHO Ha IIpeobpa3oBaHUK YHEPIUH POTOHOB, IaLAI0-
IIMX Ha [IOBEPXHOCTh ITOJIYIIPOBOJHHUKA U MMEIOIIHX
SHepPryI0 BbILIe HIMPHUHBI €ro 3aIlpelleHHOM 30HBI,
B 3JIEKTPOXHMHUECKYI0 SHEPrHI0, CIIOCOOHYIO Hero-
CpelCTBeHHO PacCIlellMTh BOLY Ha BOLOPOL M KHCIIO-
pon. B ®3X-gueliKe IOC/Ief0BaTeIbHO IIPOMCXOIST
CIefyIoIIe IIPOLIeCCHl: a) ITOIVIONeHHe CBeTa, 0) reHe-
pauus 3apsifa, B) pasleleHHe 3apsfa, I) MepeHoC
3apsia, 1) XMMH4YecKHe PeaklMMU Ha I10BePXHOCTHU

il 4

active layer for PEC water splitting [17]. The area of
plasmonics is related to the collective oscillations
of free electrons in metals under illumination.
Such collective oscillations, or plasmons, are local-
ized on a subwavelength scale, since they have the
wave-number vectors much larger than the light in
free space. For the same reason, plasmons provide
a high electromagnetic field density in the nano-
structures. As a result, the plasmonic materials
make it possible to enhance the photo-induced cur-
rent of water oxidation.

Recently, several review papers have been pub-
lished describing the progress made in this area [17-
19]. This review provides the Russian-speaking read-
ers with the up-to-date achievements in the field of
photoelectrochemical hydrogen production.

2. PHOTOELECTROCHEMICAL WATER
SPLITTING

The photoelectrochemical water splitting is based
on the conversion of photon energy incident on
the semiconductor surface and having an energy
above its energy band gap into the electrochemical
energy that can be able to directly split water into
hydrogen and oxygen. The following processes are
sequentially performed in the PEC cell: a) light
absorption; b) charge generation; c¢) charge
separation; d) charge transfer; e) chemical
reactions on the electrode surfaces. In this chapter,
we will assume that the light falls on the electrode
being an n-type semiconductor.

A schematic representation of the simplest PEC
cell is shown in Figure 1. When the anode is illumi-
nated, the charge carriers, i.e., the photoelectrons
and apertures, are generated near its surface. These
electrons flow freely through the wire to the cath-
ode, where four of them react with four water mol-
ecules to form two hydrogen molecules and four
OH™ groups. The OH™ groups are moved through
the liquid electrolyte back to the anode surface.
They then react with the four remaining apertures,
resulting in the formation of two water molecules
and one oxygen molecule.

The remaining separated charge carriers are sub-
ject to the volume recombination and release their
energy thermally in the form of phonons that ulti-
mately prevents the overall photoelectrode activ-
ity [20]. Recombination and other losses can be
eliminated using various technologies such as het-
eroatomic doping, nanostructuring, and surface
modification [21, 22].

However, the available materials cannot inher-
ently ensure the maximum efficiency of solar
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37IeKTPOZIOB. B MAHHOM I/IaBe MBI
OymemM CUMTAaTh, YUTO CBeT IIaJAeT

Ha 3JIEKTPONA, HBJ'[HIOH_II/II;ICF[ 1071y~

IIPOBOJHUKOM N-THUIIA. e —
CxemaTH4eCKoe IIpefiCTaB/IeHHe

npocrerned ®IX-suelKU IIOKa-

3aHO Ha puc. 1. IIpu ocBelleHUHU

aHojma BOMM3M ero IOBEPXHOCTH 6

IIPOMCXOOUT TeHepalus HOCUTe-
7eu 3apspa, T.e. POTOIeKTPOHOB
U JOBIPOK. IDTH 3JIeKTPOHBI CBO-
60IHO TeKyT I10 IPOBOAY K KaTOAY,
Ile 4YeThlpe M3 HHX pearupyior
C YeThIPbMS MOJIeKYJIaMU BOJBI,

obpasyst OBe MOJIEKYJIbl BOMO-

poma u 4 rpynmnbel OH™. I'pymnmbr T10/1yIIPOBOJHUKOBBIIL DJIEKTPOTIUT MeTannuyeckKun

OH™ mepeMellaroTCs 4epe3 >KHU[- aHox, Electrolyte KaTof
Semiconductor anode Metal cathode

KHUI 3/1eKTPOJIMT Ha3aJ K II0BepX-
HOCTH aHoJa. TaM OHHU pearupyroT
C 4eThIpbMS OCTaBIIMMMCSI JBIP-
KaMH, B pe3y/lbTaTe 4dero obpasy-
I0TCSI [IBe MOJIEKYJ/Ibl BOJBL M OfHA

| 40H +4h*>2H,0+0,

Puc. 1. Cxema pomo3anekmpoxumuyeckol s4eliku 0As pacuienieHus 800bl
Fig. 1. Diagram of a photoelectrochemical cell for water splitting
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MOJIeKYJ/la KHCIOpOJa.

OcTajibHBIe pasfeeHHble HOCU-
TeJIU 3apsifia IIOABEPralTcs peKOMOHHALIMY B 06beMe
Y BBIJE/ISIIOT CBOIO SHEePrUlo TepMUYeCKHU B BUZe POHO-
HOB, YTO B KOHEYHOM HTOTe IIPeIlsiTCTByeT OOIIer
AKTHUBHOCTH ($OTO3JIEKTPOAA [20]. PexombuHaL M
U IPyrHe IIOTePH MOTYT ObITh YCTPAHEHBI C IIOMOIIBIO
Pa3IHMYHBIX TeXHOJIOTHMM, TaKUX KaK FeTepoaTOMHOe
JIleTMpPOBaHHe, HAaHOCTPYKTYPHPOBaHHE U MOJUPHKA-
LM [IOBEPXHOCTH (21, 22].

TeM He MeHee caMU II0 cebe CyIlecTByIOLIKe MaTe-
pHAIBI He MOTYT 0beCriedrTh MaKCHMAJIBHYIO 3ddek-
TUBHOCTh Ipeobpa3oBaHUsI COTHEUYHON SHEPrUu
B BOZ,OPOZ,. Peakiins pacilellyIeHHs BOABI

2H,0 - 2H, + O,

NpeACTaBasieT COGOM SHAOTEPMUYECKUN IIPOLecc,
MMeIOIHUI CBOOOAHYI0 SHepruio I'nb6ca, paBHYIO
237,2 kJI>K/ MOJIb, YTO COOTBETCTBYeT 2,46 3B MIH Tep-
MOOHMHAMHYECKOMY ITOTeHIIHay 1,23 B OTHOCUTEIbHO
obpaTuMoro BOmOpOLHOrO 3neKkTpoma (reversible
hydrogen electrode, RHE) [23]. Ha mpaKTHKe IIOTepH
HaIIpsSDKeHMS, BBI3BAaHHBIE MMIIeJAHCOM KU (QOTOKOP-
po3Hell, a Takke KHHeTHUYeCcKHe U MacCCOTPAaHCIIOPT-
Hble II0TepH, BbI3BaHHBIe 00pa3oBaHHEM ITy3bIPbKOB
rasa Ha IIOBEPXHOCTH 3JIeKTPOJ OB, IIOBBIIIAIOT [IOTEH-
LIMIBHBIN Oapbep s peakuuu [24]. C yueToM 3TOro
KCII0/Ib30BaHHEe COOTBETCTBYIOIINX HOTO3/IEKTPOLHBIX
MaTepHUasioB MMeeT IIePBOCTeIIeHHOe 3HadyeHHe I
TIOJIy4eHHsI BOLOPOLa.
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energy into hydrogen conversion. The water split-
ting reaction

2H,0 - 2H, + O,

is an endothermic process with a Gibbs free energy
of 237.2 kJ/mol that corresponds to 2.46 eV or
a thermodynamic potential of 1.23 V relative to
a reversible hydrogen electrode (RHE) [23]. On
a practical level, the voltage losses caused by
impedance and photocorrosion, as well as kinetic
and mass transport losses caused by the gas bubble
formation on the electrode surface, increase the
potential barrier for the reaction [24]. Accordingly,
the use of appropriate photoelectrode materials is of
paramount importance for hydrogen production.

3. STATE OF THE ART,
CERTAIN STEP-AHEAD SOLUTIONS

The top-priority goal in water splitting is production
of the structures with high solar energy conversion
efficiency. A number of photocatalytic designs for
the “pure” hydrogen production using the various
solar radiation bands have been proposed. As
previously noted, a promising method to increase
the PEC water splitting efficiency is introduction
of the plasmonic-active nanostructures into the
photocatalyst designs [17]. Such devices are developed
to increase the oxidation photo-induced current
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3. COBPEMEHHOE COCTOSIHUE,
HEKOTOPbDIE NMEPCMEKTUBHDbIE
PELLEHWNA

[TepBoOUepeHOM 3afadell B pacllelJIeHHUU BOJBI

SBJISIETCS H3TOTOBJIEHHE CTPYKTYP C BBICOKOM 3ddek-

TUBHOCTBIO I1peobpa3oBaHHUSI COJHEYHON SHepPryHu.

IpemyioskeH psifi, GOTOKATATUTUYECKUX KOHCTPYKLIHUHI

[UIs. IIPOM3BOMCTBA «YKUCTOrO» BOLOPOJAA, B KOTOPBIX

KCIIOJIB3YIOTCS Pa3/IMYHble AHAIla30Hbl COJIHEUHOIO

usnydeHusi. Kak yke 6bUIO OTMe4YeHO paHee, IIep-

CIIEeKTUBHBIM CIIOCO6OM yBelH4YeHHs 3PPeKTHB-

HocTU ®OX-pacllerjieHUs BOABI SIBJISIETCS BBeLeHHUe

[JIAa3MOHHO-aKTHUBHBEIX HAaHOCTPYKTYP B KOHCTPYK-

uuu porokaTanusatopos [17]. Ilenb co3maHUS TaKHUX

YCTPOMCTB 3aK/IIOYaeTcsd B yBeJIHYeHHUH GOTOToKa

OKMCJI€HHS, BO3HMKAIOIIEIO 3a CYeT MHKeKLUHH

B KaTJIMTHYECKYIO Cpefly IOpsSiYMX 3JIeKTPOHOB, CO3-

OAHHBIX IUIA3MOHAMH. JTOT 3QPeKT MosKeT ObITh yCH-

JIeH 3a CYeT yBe/IM4YeHMs IIOIJIOIIeHMS I1aJaoIlero

Ha CTPYKTYPY CBeTa.

Bosnploe Konu4ecTBO paboT ITOCBSAIEHO HAHOCTPYK-
TYyPUPOBAHHUIO IIOBEPXHOCTH (OTOIIEKTPOAOB 30JI0-
TBIMHU YaCTHLAMHU. ABTOpaMH paboTsl [25] 61 co3man
JByME@PHBIN BBICOKOYIIOPSIIOYEHHBIN MOHOC/ION 30J10-
TBIX HaHocep, KOTOPHIK OblI HaHeceH Ha IIOBepX-
HOCTb GOTOAHOMA U3 IUIEHKH OKCHJA >Kejle3a. 3a c4eT
Pe30HaHCHOM Iepefayd 3HePruu, UHIYIHPOBAHHOM
ma3moHaMu (Plasmon-Induced Resonant Energy
Transfer, PIRET), MacCHUB 30/I0TBIX HaHOYACTHI] CO3-
IaeT CHIBHOe JJIeKTPOMArHUTHOe TIIojie BOIM3HU
[IOBePXHOCTU IUIEHKH OKCHJAa MeTaula. IIpoucxo-
OUT YCHUJIeHHe 3JIeKTPOMAarHUTHOIO OIS, IIOAAB/IS-
eTcsl peKOMOMHAIMS 3apsiia C AOJNTOKUBYIIUMHE IBIP-
KaMH, 1 OJHOBPeMeHHO I10BbIIIAeTCs 3QPeKTHBHOCTD
IIOIJIOIIEHUS CBeTa M IIepeHoca 3apspa. Hns mac-

NMpombiwieHHble
BbICOKOYAaCTOTHbIE

niasmMmeHHble CUCTeMbl

n POeKTUpoBaHne n nNponssoacTteo

Syl 4

Puc. 2. Cxema ®@3X-s4eliku, codep>kauiell aHoo u3 ynopsi-
004eHH020 MOHOCA0S 30A0MbIX HAHOC(HEpP, HAHECEHHbIX

HA NAeHKY okcuda Xenesa [25]

Fig. 2. Diagram of a PEC cell containing an anode made of
an ordered gold nanosphere monolayer deposited on an iron
oxide film [25]

-IOHHbIX UCTOYHUKOB
-leHepaTOpOB Naa3mbl
-[eHepaTOpOB MOLLHOCTU
-Cornacyrowmnx ycTpoucTs

occurred due to the hot electron injection made by
the plasmons into the catalytic medium. This effect
can be enhanced by increasing the absorption of
light falling on the structure.

A large number of papers are devoted to nano-
structuring of the photoelectrode surface with
gold particles. The authors of [25] developed a two-
dimensional highly-ordered monolayer of gold
nanospheres deposited on the photoanode surface
made of an iron oxide film. Due to the resonant
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cuBa Au/a-Fe,0; IIZIOTHOCTE GOTOTOKA YBEIHMUYHBALTCS
6ornee yeM B 3,3 pa3sa MO CPaBHEHHUIO C 3/1€KTPOJOM
M3 YHCTOI0 reMaTuTa o-Fe,0;.

B [26] 6plIa mpOAEMOHCTPHPOBAHA ABYMepHast
rubkasi TeTepoCTPYKTypa, IIpeACTaB/IsIomasi Cobom
rubpuaHylo 6HUMeTa/VIMYecKyl0 IIePHOJUYECKYIO
CTPYKTYpy, C KOTOPOL COefHeH MeTa/JIOOpraHHue-
CKUM Kapkac MIL-101(Cr). OcobeHHOCTh 3TOM paboThl
B TOM, 4YTO [Jisi IIPOM3BOACTBA «YKCTOrO» BOLOPOZA
HCIIOIb3YeTCs 6mkHui UK-muamasoH, a B KayecTBe
37IeKTPOJIMTA - MOPCKas BoJa. B meproguyeckor 6ume-
TA/UIMYECKOM CTPYKType BO3OYKAAIOTCS IIJIAa3MOH-
IIOJIIPUTOHBL KM 3aTeM TLOpsiuke 3JIeKTPOHBI, KOTO-
pble MHKeKTHUPYIOTCS B CIOM IIATHHBL U MIL-101(Cr).
Ctpyktypsl Au/Pt u MIL-101(Cr) obecriednBaroT Karta-
JIATHUYECKHEe LE@HTPhI, KOTOpPhle HACHIIEHbl TOPAYUMH
3JIeKTPOHAMH M HHULUHHPYIOT paclleryleHHe BOJbI
u obpasoBaHue Bomopoja. C/IOM MeTasIoOpraHuYe-
CKOT'0 KapKaca TakKe CIy>KUT [JIS OTTa/IKUBaHHUS 06pa-
30BaBLIMXCA I1Y3bIPHKOB BOAOPOJA.

Cpey HIMPOKOIrO KJIAaccCa II0JYyIIPOBOLHHKOB, KOTO-
phle H3y4YaqMChb B KadecTBe MaTePHAJIOB 3JIeKTPO-
noB st ®IX-pacilerieHus BOAbI, T'eMaTUT o-Fe,04
SBJISeTCSl OOHUM M3 Hauboree MHOroobeLIaoNIHX
MaTepHa/IoB-KaHIUIATOB C TeOpPeTHUecKok 3dPeKTHUB-
HOCTBIO ITpeobpa3oBaHUsI COTHEYHOIO CBeTa B BOLOPOL,
15%. B pabote [27] 6bITO YHCTEHHO M SKCIIEPHMeEH-
TaJbHO IIOKa3aHO, YTO, HKCIIONAB3yS LMJIHMHAUPHYE-
CKHe 30/10Tble HAHOCTPYKTYpPBI, B KOTOPBIX MOKeT ObITh
BO30y>KleH Ie/leBOM ILIa3MOHHBIN Pe30HAHC, BO3-
MOYKHO yBeJIM4HUTbh QOTOTOK OKHCIeHHS BOIBL B JBa
Pasa 1o CpaBHEHHUIO C YHCTOLM TeMaTHUTOBOM IIJIeHKOU
Ha JIJINHAaX BOJIH BBIIIe 3aIIpelleHHOU 30HbI FeMaTHTA.
TakuM obpa3zom, 6raromaps reHepalMM K pacagy
TOPSTYHX /IEKTPOHOB OBITIO JOCTUTHYTO IIECTUKPATHOE
yBeslrnueHHe GOTOTOKA OKUCIeHUs B O/IsKHEM HHPpa-
KPaCHOM JHaIla3oHe.

Cxema ®IX-s4elrKku, B KOTOPOM 3aXBaT cBeTa U $HOTO-
KaTa/IKM3 IIPOKMCXOOAT Ha Pa3sHbIX CTOPOHAX 3JIeKTPOJa,
IIpoJeMOHCTpHpoBaHa B [1]. IlokasaHO, 4YTO sYeHKa
MOYKeT cobupaTh bosplie 95% MafaroIIero U3aydeHus,
IIpH 3TOM IIJIOTHOCTBH TOKa MOKeT AOCTHUTaTh 40,51 MA
cM 2, 3QdeKTUBHOCTb ITpeobpa3oBaHHUS CONTHEUHOMH
3HEpruu B Bojopon - 15,62%, a CKOPOCTbIO 06paso-
BaHUs Bojopoma 240 mr-cMm2-uyl, CoBceM HeIZaBHO
yOJIOCh YBEJIMYMUTh Ha ~820% IIJIOTHOCTH (OTOTOKA,
MHYLHPOBAHHOIO B KOMIIO3UTHOM ITIOPUCTON TOHKOM
mieHKe TiO, ¢ HaHeCeHHBIMH IIa3MOHHBIMU HaHOYa-
CTHUILIAMU 30J10Ta [28].

3AKJ/TIOMEHUE
0630p IOCBSIIEH OCHOBAM (OTO37IEeKTPOXUMHUYECKOTO
pacuiernieHuss BOAbl. PaccCMOTpeHbl OCHOBHBIE IIPO-
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energy transfer induced by the plasmons (Plasmon-
Induced Resonant Energy Transfer, PIRET), an array
of gold nanoparticles establishes a strong electro-
magnetic field near the metal oxide film surface. By
strengthening the electromagnetic field, the charge
recombination with the long-lived apertures is sup-
pressed. Moreover, the efficiency of light absorption
and charge transfer is also raised. For an array of
Au/a-Fe,0;, the photo-induced current density is
increased by more than 3.3 times compared with an
electrode made of pure hematite a-Fe,0;.

In [26], a two-dimensional flexible heterostruc-
ture was demonstrated being a hybrid bimetallic
periodic structure with an MIL-101(Cr) organome-
tallic frame connected to it. The peculiarity of this
paper is that the near-IR band is used for the “pure’
hydrogen production, and sea water is used as an
electrolyte. The plasmon polaritons are excited in
the periodic bimetallic structure followed by the hot
electrons injected into the platinum and MIL-101(Cr)
layers. The Au/Pt and MIL-101(Cr) structures provide
the catalytic centers that are saturated with the hot
electrons and initiate water splitting and hydrogen

’

Cbp&Kp&CHbIPI @:{c
fu,

Puc. 3. Tubkul ¢omosanekmpod u3 bumemanauyeckou
(Pt@Au) nepuoduyeckoll cmpykmypel, codepskauieli meman-
noopzaHuyeckuti kapkac (MO®) [26]

Fig. 3. Flexible photoelectrode made of a bimetallic (Pt@Au)
periodic structure containing a metalloorganic frame

(MOF) [26]




Lleccol, IHpoucxopgmue B OIX-
SYeHrKe, TaKHe KaK IIOIVIOIIeHHEe
CBeTa, TeHepalus, pasfeleHue
U IIepeHoC 3apsfa, XHMHUYecKHue
Peaxkuyy Ha ITOBEPXHOCTU 3JIEKTPO-
[0B. OCHOBHBIe Ka4uecTBa, KOTOPbIM
JOJIKeH YIOBJIETBOPATh MaTepHall
doTosnekTpoma - 3TO LIMPHHA
3allpelleHHOM 30HBl 21,23 3B,
BBICOKAas XMMHUYeCKass CTabuIb-
HOCTh U IIOABMKHOCTh HOCUTEJIEH,
OBICTPBIT MeX(a3HBIN IIepeHOC
3apsza, a TakoKe IIprueMieMas LieHa.
TpagULIMOHHBIKN MaTepHan [AJs
$OTO371eKTPOIOB ~ JUOKCH]L TUTAHa,
KOTOPBIK BIIOJIHE YAOBJIETBOPSIET
YKa3saHHBIM  XapaKTePUCTUKAM.
Ero HemoCTaTKOM SIBJISIETCS OTCYT-
CTBHME TIIOIJIOIIEHHSI B BUIUMOM
obsactu cBeTa. B IociaemHHe Tofbl

NANOPHOTONICS

Puc. 4. ®omo3Aekmpod U3 zemamuma ¢ 30A0MbIMU UuAuHApamu [27]
Fig. 4. Hematite photoelectrode with gold cylinders [27]

CYLIECTBEHHOTIO IIporpecca yAaioch

TOOUTBCS 33 CUeT HCIIONB30BAHMS IUIA3MOHHBIX MaTe-
PHAJIOB, BCTPOEHHBIX B KOHCTPYKLIMIO ITOTYIIPOBOAHH-
KOBBIX 3JIEKTPOZIOB. ITO [103BOJIMJIO PACUIMPUTH 06/1aCTh
IIOIVIOLIEHHSI CBeTa, IIOBBICUTH BeJIMYHHY LeHepupye-
Moro $oToToKa 1 3GPeKTHBHOCTD KCII0JIb30BAHMS 3Hep-
THH CBeTa )14 [I0JIy4eHHUs «3e/IeHOr0» BOLOPOaaA.
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production. The metalloorganic frame layer is also
used to repel the formed hydrogen bubbles.

Among the wide range of semiconductors that
have been studied as the electrode materials for PEC
water splitting, o-Fe,O; hematite is one of the most
prospective candidate materials, with a theoretical
efficiency of solar energy to hydrogen conversion
at the level of 15%. In [27], it was numerically and
experimentally demonstrated that, by using the
cylindrical gold nanostructures where the gap plas-
monic resonance can be excited, it was possible to
double the photo-induced current of water oxidation
compared to the pure hematite film at the wave-
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lengths above the hematite band gap. Thus, due to
the hot electron generation and fission, a sixfold
increase in the oxidation photo-induced current in
the near infrared band was achieved.

The PEC cell diagram, where the light capture
and photocatalysis occur on various electrode sides,
was demonstrated in [1]. It was shown that the cell
can gather more than 95% of the incident radia-
tion, while the current density can reach 40.51 mA
cm?, the solar energy into hydrogen conversion
efficiency is 15.62%, and the hydrogen production
rate is 240 mg cm™? hl. Quite recently, it was pos-
sible to increase the photocurrent density induced in
a composite porous thin TiO, film with the deposited
plasmonic gold nanoparticles by ~820% [28].

CONCLUSION

The review is devoted to the basics of
photoelectrochemical water splitting. The main
processes occurring in the PEC cell, such as light
absorption, generation, charge separation and
transfer, as well as the chemical reactions on
the electrode surfaces, are considered. The main
properties of the photoelectrode material include the
energy band gap =1.23 eV, high chemical stability
and carrier mobility, high-speed interphase charge
transfer, and reasonable price. The conventional
material for photoelectrodes is titanium dioxide that
fully complies with the indicated specifications. Its
disadvantage is the lack of absorption in the highlight
visible region. In recent years, the meaningful
progress has been achieved due to the use of
plasmonic materials embedded in the semiconductor
electrode structure. This made it possible to expand
the light absorption region, increase the amount of
generated photo-induced current and efficiency of
using light energy to produce “green” hydrogen.
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nogpaszaenexue ®UL, KHL, CO PAH; gou., Cubupckni dpesepanbHbii
YHUBEPCUTET, MIHCTUTYT MHKEHEPHOW QU3NKK 1 PABMO3NEKTPOHNKM,
KpacHospck, Poccus. O6nacTit MHTepecos: pOTo3eKTPOXUMUYECKoe
PasNoXeHne BOALI, aHOAMPOBAHHbIE OTOHHBIE KPUCTANbI, ONTUKA XMAKNX
KpUCTannos.
ORCID: 0000-0002-7591-0688

Tumodees MBaH Bragnmmposmy, A. ¢.- M. H., pyKOBOAUTENb NabopaTopuu
(GOTOHMKM MONEKYNAPHLIX CMCTEM KpacHOAPCKIMIA Hay4HbIN LeHTp CO PAH,
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OUL, KHL, CO PAH, npod., Cubupckuit GpepepanbHbIi YHUBEPCHTET,
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BKJIAA YJIEHOB ABTOPCKOI'O KOJIJIEKTUBA

Cratbsl MOATOTOB/EHA HA OCHOBE paﬁOTbI 060ux YneHos dBTOPCKOT0 KONEKTUBA.

KOH®JIMKT MHTEPECOB

ABTOpbI 3aSIBAISIOT, YTO Y HUX HET KOH®NMKTA MHTepecoB. O6a aBTopa NpUHAMM
y4acThe B HANMCaHWUM CTaTby W AOMONHUAW PYKOMUCh B YACTU CBOEIA PaboTb.
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8 Mmapra 1866 r. poaun-
9 poccuncknn  Gusmk
Métp Hukonaesny Jlebe-
fes. B 1882 rogy T[1./le-
befeB  Hauan  3aHUMaTL-
8 u306peTatenbCTBOM:
YCOBEpLUEHCTBOBAN  HAKO-
HEYHUKM MarHuTa B Tene-
(bOHHOM annapare, NOTOM
paspabotan aeTOMaTMye-
CKUN PEerynsitop ABUXXEHNS
Mo OAHOKONENHON kenesHon aopore. OH Bbin 6anCTaTeNbHLIM IKC-
NEepMMEHTATOPOM, KOTOPbI NepBLIM NPOBEN OMbITbl MO U3MEPEHMIO
[ABNeHns CBETA HA TBEPAbLIE TeNa 1 rasbl, 0CHOBATENb NEPBOi OTeue-
CTBEHHOW Hay4YHOM LIKONbLI GU3UKOB MUPOBOIO YPOBHS.

CywlecTBeHHbIN BKNAA M. H. JlebesieB BHeC v B pa3BuTHe acTpodu-
3UKW. ACTPOHOMbI NpruncastoT T1.H. Jlebenesa K nuoHepam oTeye-
CTBEHHOW acTpodu3nK. MoYTK NONOBMHA €ro Ony6IMKOBAHHbLIX pa-
60T OTHOCMNACL K ACTPOHOMUM.

Pe3ynbTaThl  Hay4yHLIX WUCCnefoBaHwi T1.H.Jlebegesa noayyu-
7N Pa3BUTUE B BeAyLLMX 0DNACTAX COBPEMEHHOW GU3MKM — OMTHKE,
ATOMHOW, N1a3epHOM 1 KOCMUYEeCKon Gu3mke. K HAM OTHOCATCS A0-
CTUKEHWSI B KBAHTOBOA 3M1EKTPOHMKE (N1a3epbl W X NpUMEHeHNe Ans
AMArHOCTVIKM W BO3AEMCTBMS HA BELLECTBO, NA3ePHOE OXNKAEHMe
aTOMOB), B aCTPODU3MKE, B AETEKTUPOBAHN TPABUTALIMOHHBIX BOSH,
B KPYMHLIX HANPaBNEHMAX COBPEMEHHON QyHAAMEHTANLHOW 1 Npu-
KNAAHOW GOTOHUKN.

MocnenoBarenem LWkonbl Jlebenera crtan C. M. BaBuios, opraHu-
30BaBLUMI KpYMHENWWIA B 061acTn Gpusnyeckmx nccnefoBaHnin Ou-
3U4eCKUA MHCTUTYT AKaAeMUN HayK (OUAH), Hocawwmi ums M. H. Ne-
beneBa. MimeHHo OUAH cTan konbI6enslo KBAHTOBOW 31eKTPOHUKM
1 NA3epHLIX UCCNEA0BAHNN.

http://www.lebedev.ru/ru/

OnTuko-ronorpacgpuyeckue npubopsl B

- NPOBEAEHUE HAYYHO-UCCNEA0BATENBCKUX, OMbITHO-KOHTPYKTOPCKMX W
ONbITHO-TEXHONOrMYeckux pabot B obnactu ronorpaduyecknx TEXHONOrMi
- U3rOTOBNEHWUE FOMOrPaMMHbIX U AMDPAKLUMOHHbBIX ONTUYECKUX 3/1EMEHTOB
- paspaboTka W co3aaHMe onTUKO-ronorpadmnyeckmx YCTPOUCTB A0MOHEHHOW
peansHocTU (AR-TEXHOMOrMMK), YCTPOWCTB KOHTPONS NOANMHHOCTM 3aWMTHBLIX roN0rpaMm
- OpraHv3auus U NpoBeeHne TEMAaTUYECKMX KOHMEPEHLUMIA, WKOM, CEMUHAPOB U BbICTABOK
B 061acTu ronorpadmyeckux TeXHONOrui

roa-403

ONTHKO-aNEKTPOHHLIN
cKaHep JOKYMEHTOB

000 «OrTr» P®, 107076, r. Mockea, yn. Matpocckas TwuHa, 4. 23, ¢1p. 2, noa. 1a, at. 5, n. XXV, k. 18,
Ten.: +7(499)263-63-44, e-mail: kus_a_s@mail.ru

PHOTONICS vOL. 16 N22 2022 125



