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The present work is devoted to the search for new electrode materials for low-
temperature thermionic energy converters (TECs). As shown, the carbon
nanostructures (CNS) adding to pure powdered titanium in an amount of 3—
9% wt. and their subsequent mechanical mixing leads to the formation of
composites that acquire new qualities that were not present in any of their
original pure constituents. Thus, the significant changes in the mechanical
and electrical characteristics of composites are observed. For example, the
electrical conductivity is changed up to 2 orders in initial state of composites
as well as its maximum values after samples’ compaction are increased (1.6—5
times) in comparison with both the pure Ti powder and the pure thermally
extended graphite (TEG) in corresponding compression states. Such changes
are caused by the presence of contacts between the metal particles and the
CNS in the metal-nanocarbon composites and, accordingly, the possibility of
the transition of free charges, including hot charges, from the metal to the
CNS. This allows the use of such composites as cathode materials for low-
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temperature thermionic energy converters (TECs). For such TECs the high
nonequilibrium state of electronic subsystem as well as the electronic struc-
ture and surface geometry are important, for example, a significant aspect
ratio for separately located surface elements, i.e. the thin needles of carbon
nanotubes and thin blades of graphene planes of TEG, protruded from com-
posite surface. The electron emission properties of the Ti—TEG composite
materials under the conditions of their illumination by concentrated sunlight
are investigated. Thus, at temperatures of 170—-350°C, which are 3—5 times
lower than the operating temperatures of traditional TECs made with refrac-
tory metals, a voltage and, for the first time, a constant current in a closed
electric circuit are observed without applying an additional external differ-
ence of potentials. As found, in addition to decreasing of contribution of
thermal electron emission mechanism for benefit of autoelectronic one, the
influence of ionized residual gases in the vacuum chamber, especially caesi-
um ions, plays a significant role in reducing the electron work function from
such composite nanostructures and compensating space charge. As revealed,
under the influence of concentrated solar radiation a change in the morphol-
ogy of the composite surface is occurred, i.e. on the Ti particles a large num-
ber of new CNS with a diameter of 20—80 nm are formed. This new type of
CNS also acts as sources of electronic emission and increases the cathode
emission efficiency and decreases its operating temperature due to their
small thickness and the negative electron affinity of carbon in the sp-
hybridized state.

Key words: concentrated solar energy, low-temperature thermionic convert-
ers, caesium ions, metal-nanostructured carbon composites.

PoboTy mpucBAYEHO IMONIYKY HOBUX €JeKTPOAHUX MaTepialliB AJIsa HUBBKOTE-
MIIepaTypHUX TepMoeMicilinux neperBopioBauiB. Ilokasano, 110 fogaBaHHA o0
YHCTOTO MOPOIITKOBOTO TUTAHY ByTJenieBux HaHocTpyKTyp (BHC) y kinbkocTi
Bixg 3 mo 9% wmac. Ta HacTyHe iX MexaHiuHe ITepeMiIllyBaHHSA MPU3BOIATH 10
YTBOPEHHSA KOMIIO3UTIB, siKi HaOyBalOTh HOBUX SAKOCTEH, He IPUTAMaHHUX
JKOIHIN 3 IX BUXiTHUX YMCTUX CKJIANOBUX. TaK, CIIOCTEPIiraroThCs CyTTERL 3Mi-
HU MEXaHiUHMX Ta eJEeKTPUUYHUX XapaKTEePUCTUK KOMIIO3UTIB, HAIPUKJIALM,
3HAYHi 3MiHU (0 2 IOPAAKIB BeJIMUMHU) B iX €JI€KTPOIPOBiTHOCTI ¥ BUXinHO-
MYy cTaHi Ta cyTTeBe 3pocTaHH (Y 1,6—5 pasiB) MakcuMaJIbHUX 3HAYEHD €JIEeK-
TPOIPOBIAHOCTI KOMIO3UTIB 3a YMOB IX CTHCKAHHSA Yy IIOPiBHAHHI 3 YUCTUMHU
nopoitkoMm Ti Ta Tepmoposnyinenum rpaditrom (TPIY). MeraneBi yacTku BU-
CTymamTh Aas npoBigHoi Mepeski 3 BHC mepeBarkHO y poJii mocrauajabHUKA
BiILHUX HOCIiB 3apAny, Y TOMY 4ucii «rapauux». Ile 103Bojige BUKOPUCTOBY-
BaTH TaKi KOMIIO3UTU IIPU CTBOPEHHI KaTOOHUX MaTepiajiB AJjid HU3bKOTEMIIe-
parypHux tepmoeMicitinux meperBopioBauiB (TEII). Haa rakux TEIIiB Bax-
JUBUMU € K BUCOKi MOKa3HUKU HEPiBHOBAYKHOCTI €JIEKTPOHHOI IIifcucTeMu,
Tak i eJeKTPOHHA CTPYKTypa I TeOMeTpis IIOBePXHi, HAIPUKJIaL, 3HAUHE ac-
TIEKTHE CITiBBiAHOIIEHHA AJIs OKPEMO PO3TAIIIOBAHUX €JE€MEHTIB IIOBEPXHIi, II10
3a0e3MeYyeThCA BUXOIOM Ha MOBEPXHIO KOMIIO3UTY TOHKMX T'OJIOK BYTJIEIIEBUX
HaAHOTPYOOK Ta TOHKUX Je3 rpadenoBux miomiua TPI. B poboti mpoBemeHo
IOCJiIKeHHA eMiCililHMX BJIACTHMBOCTEH TAKMX KOMIIO3UTHHX MaTepiaJiB B
YMOBAaX IX OCBiTJIeHHSA KOHIIEHTPOBAHUM COHAYHHUM IpominaaAM. Tak, Ha 3pa-
skax Ti—TPI sa remmepartyp 170—350°C, 1o y 3—5 pasis umkui 3a poboui Te-
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mnepatypu tpasuiliinux TEII 3 TyrommaBKuxX MeTasiB, cIocTepiraaucsa Ha-
mmpyra Ta, BIepIle, MOCTINHNUI CTPYM y 3aMKHEHOMY eJIeKTPUYHOMY KOJIi 6e3
OPUKJIaAaHHA MOAATKOBOI 30BHIIIHBOI pis3HUMII moTeHIiaaiB. BcecTaHOBIIEHO,
110, OKPiM 3MEHIIIEHHA BHECKY TEPMIYHOIO MeXaHi3My eJeKTPOHHOI eMicii Ha
KOPUCTH aBTOEJIEKTPOHHOI'O, CYTTEBY DOJIb Bifirpae BIIuB MOHi30BaHUX 3a-
JUIITKOBUX TasiB y GopBaKyyMHi# Kamepi, ocobsuBo ioHiB Ilesiro, aki 3abe3-
MeuyIOTh 3MEHIIIeHHsS POOOTH BUXOAY €JEKTPOHIB 3 IIOBEPXHI KOMIO3UTHUX
HAHOCTPYKTYP Ta KOMIIEHCYIOTh NPOCTOPOBUI 3apdAz. BusasBieHo, mio mixg
BILTMBOM KOHIIEHTPOBAHOI'0 COHAYHOTO BUITPOMiHIOBAHHSA Bi0OyBA€ThCA 3MiHa
MopdoJIoTii MOBEPXHi KOMIO3UTHOTO 3pa3Ka 3a PaXyHOK YTBOPEHHSA HA YaCTH-
ukax Ti Bemukoi kinmbrocti HoBux BHC miamerpom 20—80 M, 1110 TaKOXK BU-
CTYIIAIOTh B SKOCTi AKepeJ eJIeKTPOHHOI eMicii, migBumryooun emiciiiny eek-
TUBHICTH KAaTOAY Ta 3MEHIIIYIOUHN 0r0 poOboUy TeMIIepaTypy uepes iX MaJy To-
BINUHY Ta Bifi’e€MHY cIopigHeHicTh Byrjemio B spi-ri6puansoBaHoMy cTaHi 10
€JIeKTPOHIB.

Karouori ciioBa: KOHIIEHTPOBaHA COHAYHA €HEPTiA, HU3bKOTEMIIEPATYPHI Tep-
MOeJIeKTPUUHI IepeTBopoBaui, fioHu Ilesiro, KOMIIO3UTHU MeTaJ—HAHOCTPYK-
TYyPOBaHUI ByTJIElb.

PaboTa mocssIlieHa IOUCKY HOBBIX 9JI€KTPOAHBIX MAaTEePUAJIOB AJIA HU3KOTEM-
IepaTypPHBIX TEPMOIMUCCUOHHBIX IIpeobpasoBateseii. [lokaszaHo, uyTo m06GaB-
JIeHVe K YMCTOMY IIOPOIIIKOBOMY TUTAHY yIJIEPOZHBIX HaHOCTPYKTYp (YHC) B
KoauuecTBe oT 3 10 9% Macc. u mocjeayolinee NX MeXaHNYecKoe IIepeMelli-
BaHUeE IIPUBOAAT K 00Pa30BaHUIO KOMIIOBUTOB, KOTOPhIe IPHUOOPETAIOT HOBBIE
KayecTBa, He IIPUCYIIVEe HU OJJHOMY U3 UX UCXONHBIX UUCTBIX COCTABJAIOIINX.
Tak, HaOJIIOZAIOTCA CYIIECTBEHHbIE N3MEHEHUSI MEeXaHUUYEeCKUX U JJIEKTPUUe-
CKUX XapaKTePUCTUK KOMIIOBUTOB, HATIPUMED, 3HAUUTEIbHbIE U3BMEHEHUA (0
2 MOPAJKOB BEJIWYUHBI) MX BJIEKTPOIPOBOSHOCTU B MCXOLHOM COCTOSHUU U
cyIecTBeHHBIN pocT (B 1,6—5 pas3) MaKcUMaJbHBIX 3HAUEHUI 9JIEKTPOIIPOBO/I-
HOCTY KOMIIOBUTOB B YCJOBUAX UX CIKATUSA 10 CPABHEHUIO C YUCTHLIMU ITOPOIII-
koM Ti m tepmopaciupenasiM rpadpurom (TPIY). Merannudeckue 4acTHUIIBI
BBICTYIIAIOT IJIsT IIpoBoAdAIieii cetu u3 Y HC mpeumMyIieCTBEHHO B POJIU IIO-
CTaBIIUKAa CBOOOAHBIX HOCUTEJIEH 3apALa, B TOM UNCJE «TOPAYUX». ITO IIO3BO-
JIIeT UCIIOJIL30BATh TaKMe KOMIIO3UTHI IIPYU CO3NAHUU KATONHBIX MaTepPUAJIOB
IS HUBKOTEMIIEPATYPHBIX TEePMOIMUCCUOHHBLIX mpeobpasoBartesein (TOII).
Haa rakux TOIloB BaKHBI KaK BBICOKME ITOKA3aTeIn HEPABHOBECHOCTH JJIEK-
TPOHHOH IMOACUCTEMBI, TAK U 3JI€KTPOHHASA CTPYKTypPa U reOMeTPUA II0OBEPXHO-
CTHU, HATIPUMeEDP, 3HAUNTEIbHOE aCIIeKTHOE COOTHOIIIEHUE VIS OTAEJIbHO PaCIIo-
JIO}KEHHBIX 9JIEMEHTOB IIOBEPXHOCTU, KOTOPOe OOGecIeumBaeTCAa BBHIXOJAOM Ha
IIOBEPXHOCTH KOMIIO3UTA TOHKUX WUIJI YIJIEPONHBIX HAHOTPYOOK M TOHKUX JIe3-
Buii rpadenoBrix maockocteit TPT'. B paboTe mpoBeneHo 1nccaeqoBaHUE DMUC-
CUOHHBIX CBOMCTB TAKMX KOMIIOBUTHBIX MAaTEPUAJIOB B YCIOBUSIX UX OCBEIIe-
HUS KOHIIEHTPHUPOBAHHBIM COJTHEUHBIM cBeToM. Tak, Ha obpasmnax Ti—TPT mpu
remneparypax 170—-350°C, uro B 3—5 pas HuKe paboumx TemMmoepaTyp Tpagu-
nuoHHBIX TOIl M3 TyromiaaBKUX MeTaJJIOB, HAOJIIONAJIUCH HAIPAKEHUE WU,
BIIEPBBIE, IOCTOSHHEIN TOK B 3aMKHYTOH 9J€KTPUUYECKOM KOHTYpe 0e3 IIpuJo-
JKeHHs OOIOJHUTEJIbLHON BHEIIHEeHl PAas3HOCTH IIOTEeHIIMAJIOB. YCTAaHOBJIEHO,
YTO, KPOME YMEHBIIIeHUA BKJIAJA TEPMHUUYECKOT0 MeXaHM3Ma JJIEKTPOHHOU
SMUCCUHU B II0JIb3Y aBTO3JIEKTPOHHOTO, CYIIIECTBEHHYIO POJIb UT'DAET BIUSHUE
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MOHM3WPOBAHHBLIX OCTATOYHBLIX rasoB B (POPBAKYYMHOH KaMmepe, OCOOEHHO
MOHOB I1e3Usi, KOTOPbIe 00eCIIeYnBalOT YMeHbIlIeH e PA00ThHI BEIX0A 9JI€KTPO-
HOB C IIOBEPXHOCTH KOMITO3UTHBIX HAHOCTPYKTYP U KOMIIEHCUPYIOT IPOCTPaH-
CTBeHHBIH 3apazn. O0HapyKeHo, UTO IMOJ BO3aelicTBEeM KOHIIEHTPUPOBAHHOIO
COJTHEUHOT'O M3JIYUEeHUSA HPOUCXOAUT M3MeHeHUe MOPQOJOTHU ITOBEPXHOCTU
KOMIIO3UTHOTO 00pasiia 3a cuéT obpasoBaHuA Ha yacTuax Ti 60JIbIIIOr0 KOJIH-
yectBa HOBbIX YHC muamerpom 20—80 HM, KOTOphIe TaKsKe BBICTYIIAIOT B Ka-
YyecTBe MCTOYHUKOB 9JI€KTPOHHON 9MUHCCHUU, ITOBHIIIAST 9MUCCUOHHYIO ahdek-
TUBHOCTh KaToJa U IMOHMKAasd ero pabouyio TeMIlepaTypy 6Jarogapsa ux MaJjioi
TOJIIIIHE W OTPHUIATEILHOMY CPOJACTBY YTJIEpoja B Sp°-rmOpPUAN3HPOBAHHOM
COCTOSHUH K 3JIEKTPOHAM.

Karouessie cioBa: KOHIIEHTPUPOBAHHASA COJIHEUHASA dHEPIUsd, HUBKOTEMIIepa-
TYpPHBIE TEPMO3JEKTPUUECKUe ITpeodpas3oBaTesi, MOHBI I€3UA, KOMIIOSUTHI
MeTaJI—HAaHOCTPYKTYPUPOBAHHBIN yTJIEPO/.

(Received January 16,2020 )

1.INTRODUCTION

The realization of the idea of direct conversion of solar energy into an
electrical one stimulated a progress in the photovoltaic[1, 2], thermoe-
lectric [3, 4], and corresponding hybrid systems [5—-10] as well as in
thermionic converters [11-15] and their hybrids [16—19]. Herewith, a
thermionic energy converter (TEC) can provide higher current and
power densities as compared with thermoelectric and photoelectric
converters, and the efficiency of a non-hybrid TEC in high- and medi-
um-temperature modes can reach 63.8% and 45% , respectively[15].

Low-temperature thermal sources, in contrast to high-temperature
ones, are more readily available to use, so it seems relevant to consider
the direct conversion of thermal energy into electrical one at the tem-
peratures less than 600°C. Such and more bigger temperatures can be
easily achieved by heating the materials with concentrated solar radia-
tion [20]. However, the need for simultaneous monitoring of many sys-
tem parameters does not yet allow moving from a theoretical consider-
ation of low-temperature energy conversion to a wide practical imple-
mentation of such TECs [14]. The most promising in this direction are
ideas for the combination of pre-thermoemission excitation of elec-
trons, for example, directly by light quanta (implementing primarily
in semiconductors)[12, 13, 21] or immediately by plasmons (in metals)
[22, 23]. The creation of subpopulations of electrons (that are ‘hotter’
than ordinary charge carriers) in materials using various external in-
fluences is, although not a new, but very promising and actively devel-
oping research area [22—-26].

Electron emission methods [27] in the specified low temperature
range can become a reality if metal-nanostructured carbon composites
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are used as cathodes [28]. It is known [29, 30] that metals have a high
concentration of charge carriers but their mobility is relatively low.
And the exact opposite situation occurs in conductive carbon
nanostructures (CNSs), where a low concentration of charge carriers is
combined with their very high mobility along graphene planes, which
is 3—4 orders of magnitude higher than in metals [30, 31]. The metal
particles act for the CNS network mainly as a provider of free electrons
including non-equilibrium hot electrons. The nonconducting CNSs
with wide band gaps can have a negative electron affinity simplified
autoelectronic emission [32—34]. This allows the use of such compo-
sites when creating cathode materials for low-temperature thermal
emission converters, for which high nonequilibrium state of electronic
subsystem as well as the electronic structure and surface geometry are
important. Thus, the electric field intensity around objects with high
aspect ratio increases by several orders, which significantly reduces
the potential barrier for electrons [30]. Therefore, the part of electrons
leaving the cathode mainly by tunnelling mechanism through reduced
potential barriers at the edge of cathode is increased.

In addition, the creation of metal—carbon compositions opens up the
prospect of combining the advantages of both these types of materials,
as well as the appearance in them of qualitatively new characteristics,
that are not inherent in the original systems. All of the above is a con-
firmation of the possibility of creating ‘cold’ cathodes for thermopho-
toemission converters of energy on the basis of the proposed ‘metal—
CNS’ composites.

2. EXPERIMENTAL DETAILS

In this work, on solar energy concentrators we tested the samples ob-
tained by mechanical mixing of thermally expanded graphite (TEG)
and industrial titanium powder with particle sizes from 0.1 to 100 um,
followed by cold (at room temperature) pressing with a pressure of 1
ton/cm?. Thus, the Ti—-TEG composite systems were created in which
bonds are formed at the quantum level between metal particles and
TEG plates. The creation of such composites can lead to an increase in
the concentration of free charge carriers in carbon nanostructures,
where they move faster, and an increase in the electrical conductivity
of the whole system by a factor of tens [28]. The electrical conductivity
of composites and their initial components in powder form during
their loading and unloading was measured by the two-contact method
in a cylindrical chamber with a conductive base and force plunger.
Measurements were carried out prior to pressing samples into moulds.
The obtained samples of the Ti—-TEG composites, compacted into
washers with a diameter of 30 mm and a thickness of 2 mm, were used
as a cathode of a photo-thermionic converter of solar energy (concen-
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trated by a parabolic mirror of 2.5 m in diameter) into electrical one.
The distance between the cathode and the anode was 1 mm. The special
design of the molybdenum anode allowed the sun’s rays to reach
through it the cathode with minimal obstructions and heat the last one
to a certain temperature, which was regulated by the degree of opening
of the metal blinds in front of the mirror. The massive copper radiator
that was connected to the anode provided efficient heat exchange with
the environment and the necessary temperature difference between the
electrodes of the proposed energy converter. Concentrated sunlight
enters the working vacuum chamber through ultraviolet-transparent
quartz glass. Under the cathode material it can be placed an insulated
by foil cavity with caesium-contained salts which at T between 200—
400°C were decomposed, and Cs atoms can diffuse to the cathode mate-
rial thereby reducing its work function and in the space of vacuum
camera where they partially compensated a space charge near cathode.
The initial pressure of the residual gases in the chamber was not more
than 0.1 Pa.

Electron microscopy of the pressed samples before and after heating
by concentrated sunlight was provided using scanning electron micro-
scope Jeol JSM-6700F.

3. RESULTS AND DISCUSSION

Electron microscopic studies of the obtained after 8 h of mixing Ti—
TEG samples (with 9% wt. TEG) in the initial state showed (Fig. 1, a)
that along with metal particles with sizes from 100 nm to 50 pm,
nanostructured carbon is also present in the composite, which tightly
fills all the cavities in the metal matrix (pores and cracks with linear
dimensions of about 10—15 um). Such areas are interconnected either
directly or through metal bridges. This creates favourable conditions
for the continuous supply of free charge carriers to all possible ele-
ments of the surface which emit electrons by different mechanisms.

Fig. 1. Multiscale SEM images of the Ti—TEG (with 9% wt. TEG) composite
sample before annealing by concentrated solar radiation.
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Therein, as Fig. 1, b shows, the surface of the metallic particles is quite
smooth, and the TEG particles (in the areas filled with them) lose their
normal view of separate layered tubes. Due to machining the TEG par-
ticles take the form of continuous coral-like structure with sizes of
small elements at ranges of 30—50 nm (Fig. 1, ¢).

Investigation of the cold emission effect requires a more careful
study of the used metal-nanocarbon composites, in particular their
electrical properties. As can be seen from Figs. 2, 3 and Table 1, as the
volume of the mixtures obtained in the cylinder under the piston de-
creased, their electrical conductivity increased from the initial value
oy, Which for various mixtures varied up to 2 orders of magnitude, to
the maximum value of c,,,, which lies in the range = 5—24 (Ohm-cm) .
Note, that for a pure TEG array (Fig. 2, b) the value of 6, is realized
by the relative deformation ¢ of the material less than the maximum
values of this value, which was reached during the experiment and
given in Table 1, and for the other substances, the maximum of
achieved deformation coincides with the deformation at which it is
reached 6,,,,.

The compaction of pure Ti powder (Fig. 2, a) increases the contact
area between the Ti particles and between them and the electrodes and,
consequently, increases the electrical conductivity of the compacted
material. In this case, the reverse of the dependence o(p) indicates the
almost complete absence of the elastic component in the deformation of
this powder—the restoration of the form practically does not occur,
unlike to pure TEG, for which a relatively elastic relaxation is ob-
served after a load is removed.

Addition to the Ti powder of equal in weight (1.5% wt.) portions of
TEG and multi-walled carbon nanotubes (CNTs) does not significantly
increase (Fig. 3, b) the elastic characteristics of the composite, but
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Fig. 2. Multiscale SEM images of the Ti—TEG (with 9% wt. TEG) composite
sample before annealing by concentrated solar radiation.
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TABLE 1. Initial values o, of electrical conductivity on the dependences c(p)
and corresponding values of the initial density p, of the powdered composites
and their pure components, as well as the maximal values of both the electri-
cal conductivity o,,,, and the relative deformation .

Sample Go» Po» Omaxs g,
composition (% wt.) (Ohm-cm)? | g/cm® | (Ohm-cm)™? %
Ti 0.2754 1.29 11.94 2.0
TEG 0.0661 0.13 4.72 18.0
Ti+ 9% TEG 0.5495 1.58 23.70 7.3
Ti+1.5% CNT +1.5% TEG 0.0016 1.53 19.75 5.8

more than two orders of magnitude reduces the electrical conductivity
of the starting material. This is due to the low conductivity of the CNT
arrays without their compression. The formation of numerous contacts
between TEG and Ti particles leads to an increase in the number of free
electrons in the CNT, which are practically absent in pure defect-free
CNTs. The maximum value of electrical conductivity of composite
1.5% wt. CNT after sample compaction is increased 1.6 and 4.2 times
in comparison with the pure Ti powder and the pure TEG in corre-
sponding compression states. In the Ti composite with a fraction of 9%
wt. TEG, the highest value of c,,, is realized (Fig. 3, a), it is 2 times
higher than the corresponding value for pure Ti powder and 5 times
more than that of pure TEG.

It should be expected that in the presence of numerous tunnel con-
tacts between the metal particles and the relatively transparent for
electrons TEG plates or CNTs, the increase in the electrical conductivi-

10°5 10%+

Ti + 9 wt.% TEG Ti+ 1.5 wt.% ONT + 1.5 wt.% TEG
10"4 ,./--""7' 104 /.f /'
- 1 -'/ d -~ 1 .
= e i~ -/ o
: 0] y : 0] -
.E: 2 E 2 I.
=) 107+ =} 1074 /
¢ 10" © 1074 '
1074 1074
16° ; ‘ 2, ) 16° ‘ ‘ e, )
1.2 14 1.6 1.8 2.0 1.2 14 1.6 1.8 20
p, g/em’ p, gfem’
a b

Fig. 3. Dependences of electrical conductivity o of metal-carbon composites
with different content of carbon nanostructures (TEG and CNTs) on the den-
sity p of the material in the process of loading—unloading.
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ty of the system will not be accompanied by an increase in its thermal
conductivity (this is explained by the inability of phonons to pass the
spatial (tunnelling) barriers), that will allow to increase thermoelectric
figure of merit ZT = To?c/A of such nanostructures (where T is the
temperature, a is Seebeck coefficient, o is the electrical conductivity,
and A is the thermal conductivity).

Thus, metal-CNS composites acquire new features that were not
found in any of their original pure components. This allows using such
composites for solving new problems, in particular for creating low-
temperature thermal emission converters cathode materials, which
high conductivity and surface geometry are important.

For experiments on a solar concentrator in this work a Ti—-TEG com-
posite with 9% wt. TEG was chosen as the cathode material in the pres-
ence and absence caesium salt in the cavity under the sample. At the
first heating of the sample with Cs in the sun concentrator, the voltage
U and current I (solid lines in Fig. 4, a and b, respectively) in the closed
electrical circuit, to which the TEC was included as a source of EMF,
appeared at rather low temperatures (when a small amount of concen-
trated sunlight hits a sample). The values of quantities slowly in-
creased with increasing temperature to about 220°C, and then reached
saturation (with U =2 1.5 mV, I = 0.4 mA). After heating the sample to
temperatures above 300°C, the voltage and current values dropped
with the simultaneous loss of vacuum in the working chamber (see Fig.
4,c).

For previously studied composites based on metals with multilayer
carbon nanotubes and with TEG, EMF values were obtained at near 1.5
V [2, 3], which is an estimation of maximal value of EMF also for new
metal-containing composites with carbon nanostructures that were
studied in this work.

After the first experiment, the sample was outdoors for several
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Fig. 4. Dependences of the voltage U (a) and the current I (b) in a closed elec-
trical circuit with thermionic converter containing a Ti—TEG (with 9% wt.
TEG) composite cathode on the temperature T of the test sample, which was
twice heated by concentrated solar radiation in a vacuum chamber with the
pressure of residual gases P (c).
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days.

At the second heating of the sample by sunlight (dashed lines in Fig.
4), one can notice a significant change in the appearance of the voltage
and emission current in the electric circuit, namely, a sharp increase in
both of these quantities after the temperature rises above 200°C.
Moreover, the same values of voltage and current that were observed
at saturation during the first heating, are achieved at the second heat-
ing at higher temperatures (about 280°C), but in a much smaller tem-
perature interval. The most rapid increase in U and I values (after
250°C) is accompanied by a significant vacuum fall (Fig. 4, c).

Primarily the difference between the first and second annealing of
the sample by concentrated solar radiation is that the first annealing
was accompanied by intensive degassing of the sample and a corre-
sponding degradation of vacuum characteristics (Fig. 4, ¢) starting
with the lowest temperatures. At the beginning of the second heating,
despite the prolonged stay of the sample in the air after the first test,
the effect of degassing is practically imperceptible, and the vacuum
remains almost maximal for a long time (the pressure in the chamber is
about an order of magnitude lower than at the same temperatures in
the previous test, but stay in the range of pre-vacuum).

As can be seen from the comparison of temperature dependences for
U and I with similar dependences for the residual gas pressure P, the
presence of these gases in the chamber causes higher values of U, I.
However, during the first heating at T > 300°C, vacuum begins to dete-
riorate especially intensively, and during the second test a similar ef-
fect is observed at temperatures T > 250°C. However, at pressures
higher than 0.5 Pa (see solid curves in Fig. 4) there is a sharp deterio-
ration of the emission characteristics of the studied system (i.e., sam-
ple + gas in the chamber). The above data prove that the working body
of the device under consideration is not only a sample of the Ti—-TEG
composite, but also residual gas, to which the voltage and the emission
current are very sensitive. Note that the caesium ions play a particu-
larly important role, without them (for sample without Cs) electron
emission is not observed.

It should also be noted that during the first annealing at T > 300°C
not only degassing took place, but also occurs the process of burning of
TEG in the pores and its transferring to titanium particles with a
change in the type (possibly, the predominant type of chemical bond of
carbon atoms) and shape of the carbon nanostructures. A similar pro-
cess occurs with the second annealing. It indicates that temperatures
between 150 and 310°C are critical for initiating the structural change
of composite specimens of the investigated type. Given the fact that at
such low temperatures only amorphous carbon can be formed [35, 36],
the newly formed particles are most likely composed of it and can con-
tain a large number of diamond-like sp®*-hybridized bonds.
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Fig. 5. Multiscale SEM images of the central part of the sample of the Ti—-TEG
(with 9% wt. TEG) composite, which was most exposed to concentrated solar
radiation.

Figures 5 and 6 confirm the progress of such restructuring. As can
be seen from these figures, after the second treatment of the sample
with concentrated sunlight, its surface becomes more developed both
due to the TEG release of some small cavities (gaps) between Ti parti-
cles and the formation of new carbon nanostructures on the surface of
these particles. The new nanostructures have a look of separately
spaced ‘pimple-like’ growths with diameters of 20—80 nm. Definitely
the appearance and growing of such structures ensure, with the opera-
tion of the cathode, a significant increase in contribution from autoe-
lectronic emission because of working surface (with carbon emission
centres) extension. At the same time, only the most dense conglomer-
ates modified by machining and subsequent annealing of the TEG re-
main in the cavities.

In addition, the tested sample demonstrates the appearance of a tex-
ture on the surface of titanium particles that looks like a pavement
with structural block sizes of 10—-20 nm (Fig. 6, ¢). Such block-stones,
more probably, are the nucleation centres of new carbon nanostruc-
tures. The surface of titanium particles was clean and smooth before a

Fig. 6. Multiscale SEM images of the sample (Ti—-TEG composite with 9% wt.
TEG) surface boundary, which was slightly less exposed to concentrated solar
radiation (less burned).
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heating in the sun.

The results obtained in the paper also testify to the dependence of
the low-temperature emission process not only on the residual atmos-
phere pressure in the chamber, but also on its composition, namely, on
the caesium concentration in it. At the absence of caesium in the sam-
ple no electron emission is observed. In the case of packing the under-
electrode space with a caesium-containing salt having a decomposition
temperature of about 400°C, which is almost twice the same tempera-
ture as for the salt used in sample, the results of which are presented in
Figs. 4—6, the appreciable electron emission is observed at tempera-
tures higher than 500°C.

The creation of effective and easy to use and maintain low-
temperature TECs during a long time had been impossible. Only due to
development of nanotechnology and intensive creation of new nano-
materials the interest to this field of research has been revived. Today,
fast progress in this area is inhibited mainly by the complexity of the
task itself, which involves the need to take into account many factors:
the chemical composition and atomic structure of the used hetero-
structures, theirs electronic structure and the spectra of other qua-
siparticle excitations in them, charge and heat transport in various
components of the electrodes, theirs spatial characteristics (thickness-
es, periodicity of location, aspect ratios), the presence and composition
of adsorbates on the electrodes surfaces, the density and composition
of the residual gases and theirs participation in reducing the work
function, density and length of the space charge between the elec-
trodes, construction of the TECs (number and the shape of the elec-
trodes, the distance between them and the differences in their temper-
atures and work functions, the presence of external voltage and con-
trol magnetic fields), as well as a detailed description of the external
sources of converted energy (flux of heat, flux and spectral composi-
tion of light, the presence of ionizing radiation) and environmental
conditions. In addition, there are unsolved physical problems, for ex-
ample, about how many simultaneous different influences will affect
the work of emission centres, depending on their structure. As can be
seen from the results presented in this paper, the observed effect is the
result of the influence of many of the above factors.

It is known [37—40] that an electron can leave the cathode material
only by two ways: by receiving from the outside an energy sufficient to
overcome the work function, or by tunnelling through a holding poten-
tial barrier. In the first case, it can acquire the missing energy either
through thermal excitation (absorbing phonon energy) (thermionic
emission) [37] or by absorbing a quantum of electromagnetic radiation
(photoemission) [38]. The energy of the electron outside the crystal in
this case will be equal to the difference of its energy in the crystal,
measured from the Fermi level and supplemented by the energy of the
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absorbed quantum, and the work function. In the second case, field
emission occurs and the electron get outside the material while main-
taining the same energy that it had inside the solid [39, 40]. Each of
the mentioned emission options requires energy costs and technically
difficult implementation conditions: achieving high temperatures, ex-
posure to high-energy radiation, and application of high voltage. Nev-
ertheless, these effects were the basis of many modern electronic de-
vices, including direct energy converters [15—20, 27]. At the same
time, the continuous search for new materials and methods for extract-
ing electrons from cathode without cumbersome and/or complicated
equipment use [14, 32—34]. In addition, the fact that a combination of
the above emission options significantly facilitates the electron yield
from the material has long been revealed and actively used [12, 13, 21—
23]. For example, in an external electric field that bents the potential
barrier, the probability of electron tunnelling, which exponentially
increases with increasing electron energy, provides emission at much
lower temperatures or light quanta energies than in the absence of a
field [32—34, 40]. The applied field may be also substantially smaller.

Auxiliary mechanisms stimulating emission have also been widely
studied. Among them, it is the effect of strengthening the electric field
around thin (needle-shaped) or flat (blade-like) elements on the cathode
surface. The greater aspect ratio of such emission centre corresponds
to its greater efficiency. Recently, the possibility of using CNTs with a
large aspect ratio as emitters has been investigated [30, 41]. The effect
of the negative affinity of the emitter material for the electron is also
important [32, 33, 36]. This is achieved by using a semiconductor layer
with a large energy gap as the emitting surface, such that its conduc-
tion band is higher than the vacuum level, for example, as in diamond
(nanocrystalline or amorphous, but with a predominance of sp-
hybridized bonds between atoms), especially activated by hydrogen or
alkali metals atoms adsorbed on its surface. The combination of these
methods also reduces the energy costs of emission and is promising to
efficient cold cathodes creating [35, 42, 43].

In recent years, research has been carried out on other auxiliary
mechanisms for the creation and emission of hot electrons. These
mechanisms are associated with plasmon excitations in small metal
particles on the emitter surface [22, 23], as well as with the polariza-
tion by external electric field of non-metallic nanoparticles located
near the surface. In the last case, the nanoparticles increase the field in
the vacuum gap and electrons can tunnelling from the metal part of the
cathode through this gap into such particles, where they turn out to be
hot [34].

Residual gases in the vacuum chamber in which the emission of elec-
trons occurs, i.e. their ionization and interaction with the cathode and
anode, also have a significant effect [15, 27, 35, 43—45]. Thus, the ad-
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sorption of some types of atoms can significantly change the electronic
structure of the surface, including the formation of emission centres
with a reduced work function. The positively charged ions of the resid-
ual gases promote the compensation of the space charge which generat-
ed near the cathode from the electrons that have left it and preventing
their further exit from surface. In this regard, it is worth noting the
extremely important role of caesium in the atmosphere of residual gas-
es and in the composition of the electrodes surface layers.

The results of present work were obtained under the influence of not
only the above physical features of the TEC, but also the features of its
construction. We will try to separate them into components and de-
termine their roles.

To begin with, the experiment demonstrated the possibility of ob-
taining an emission current without applying an external electric field
and heating the cathode to high temperatures. In this case, it confirms
the fundamental possibility of low-temperature heat utilization by
TECs, for example, as in our case, concentrated sunlight concertation.

As already noted, a composite material combining the advantages of
a metal (Ti) and a conductive nanostructured carbon material (TEG)
was chosen to create the cathode. In the initial state (before heating),
the electrons could free move to the cathode surface and redistribute
along it depending on its local and, importantly, inhomogeneous struc-
ture. This led to the appearance of inhomogeneous electric fields
around individual nanoscale (with discrete energy levels) or chemically
different (Ti and TEG; the adsorbates are also locally change the elec-
tronic structure of surface) surface elements, significantly enhanced
due to large aspect ratios in the case of elements protruding above the
average surface level. A vacuum was generated between the cathode
and the cellular anode from polycrystalline molybdenum with a residu-
al gas pressure not more than 0.1 Pa and with a free path length of
molecules comparable to the size of the vacuum chamber.

At the first stage, during the opening of the barn door in front of the
concentrating mirror, the flow of sunlight and the temperature of the
main elements of the TEC increased. The temperature difference be-
tween the cathode and the anode was provided by efficient heat remov-
al from the anode using a massive copper radiator. The materials of the
anode and cathode were selected so that in the initial state the work
function from the cathode (composite) was in excess of work function
from the anode (molybdenum). Solar light containing ultraviolet com-
ponent, which led to the ionization of residual gases in the chamber
and to photoemission of electrons from the heated cathode, entered to
the chamber through a quartz window. The listed processes already at
the initial stage set a larger concentration of negative charges at the
cathode, the direction of their movement to the anode and the move-
ment of positive charges in the opposite direction, which is important
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for compensating the space charge of electrons near the cathode. The
last also helps to create (due to the accumulation of positively charged
ions in the near-cathode space) an additional electric field that lowers
and narrows the potential barrier for electrons according to Schottky
effects. However, the number of electrons emitted under such condi-
tions is too small for reliable recording of the voltage and emission
current between the electrodes.

At the second stage, when the cathode was heated to temperatures of
~150°C and higher, the process of active degassing of the porous com-
posite material, the decay of the least stable carbon structures emerg-
ing on surface, and their deposition on metal particles (less heated due
to a higher reflectivity than the TEG) as thermally more stable amor-
phous carbon nuclei was began. In the cavity under the sample, the
process of thermal dissociation of caesium salt began, as a result of
which caesium began to diffuse into the cathode material, and then in-
to the interelectrode space.

All these process led to several significant changes. Firstly, during
the heating of the sample and the appearance of first nuclei and then
amorphous carbon nanoparticles on the surface of titanium particles,
the electron affinity on most of the surface of the composite tended to
zero or to negative values. This was also facilitated by caesium, which
appeared on the surface of the cathode and in its surface layers. Degas-
sing of the sample led to an increase in the residual pressure in the
chamber and, accordingly, to an increase in the density of the positive
charge at the cathode surface. This, together with an increase in the
average aspect ratio of the elements of the cathode surface, provided
the necessary electric field for the start of field emission. In this case,
the electronic structure of the surface of the metal particles probably
also changed due to the appearance of carbon on them and its diffusion
into the surface layers. Under such conditions, the absorption of light
by metal particles can not only heat them and release photoelectrons,
but also excite surface plasmon vibrations in them. The appearance of
plasmons can be an additional mechanism of electron heating and for-
mation for their subpopulation participating in plasma oscillations an
additional statistical temperature distribution, bringing the electron
energy in the metal even closer to the vacuum level.

If the layer of carbon covering the metal turns out to be sufficiently
thin, as in our case, then hot electrons from the metal, getting into this
layer, do not have time to thermalize during the time which they cross
it. In this case, electrons energetically fall into in the conduction band
of sp®*-hybridized carbon, from where they easily go beyond the crystal
mainly due to the tunnelling process. As already mentioned, an in-
crease in the relative contribution of field emission is also facilitated
by the presence on the cathode surface of many protruding relief ele-
ments with a large aspect ratio and a significant electric field generat-
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ed by the near-cathode layer of charged ions (the Schottky effect is
manifested). Residual gas atoms can also participate in charge
transport between the electrodes: giving the anode an electron after
ultraviolet ionization, positive ions are attracted to the cathode sur-
face and, recombining there, replenish the residual atmosphere as neu-
tral atoms.

It should be noted that even though the thermophotoelectric energy
conversion is based on the well-studied thermo- and photo-excitations
of nonequilibrium charge carriers in a solid, the nonlocality of these
processes in time and space is important for the case of ‘cold’ emission
without application of an external electric potential. Thus, the life-
times of all important excitations of the electronic subsystem, for ex-
ample, the lifetimes of plasmons, should be sufficient to move them
from the nucleation place to the interface with the semiconductor
emitter. In nanoscale semiconductor emitting centres, the length over
which the thermalization of hot electrons that have fallen into them
from the metal takes place should be the same order with a size of the
system itself. This leads to the need to consider thermophotoelectric
effects as distributed in time and throughout the depth of the hetero-
structured emitter involved in the emission process. As one can see,
the complexity of the technical support of traditional emission can be
significantly reduced only by increasing the structural complexity of
the nanostructured emitter itself and the complexity of the physical
processes leading to the emission of electrons from it.

Reducing the operating temperature of the emitter to = 300°C ex-
pands the range of energy sources available for TECs, including low-
temperature heat sources. This helps to miniaturize and reduce the
cost of TEC (and related equipment). It is important to remember that
the initial voltage and power of the TEC depend on the difference in the
work functions between the cathode and anode materials. The larger
difference leads to the higher values of these parameters at a fixed
current density. Thus, a decrease in the work function of the cathode
(decrease in operating temperature) should be accompanied by a de-
crease in the work function of the anode. At the same time, acceptable
values of the voltage taken from the TEC cell should be maintained.
However, such a parallel decrease in the work functions of the cathode
and anode has a natural limit due to the binding energy of electrons
with the anode material.

In our experiment, caesium, getting into the interelectrode space,
not only got the ability to participate in the compensation of the space
charge, but also adsorbed on the surface of the anode, significantly re-
ducing its work function. In addition, carbon nanostructures appar-
ently deposited not only on the cathode, but also on the anode, as was
previously observed with laser-stimulated emission from a continuous
‘forest’ of CNTs on a nickel substrate [46], reducing electron affinity
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of anode surface. A contemporaneous decrease of the work functions of
the cathode and anode most likely led to a decrease in the difference
between these work functions and, accordingly, to a decrease in the po-
tential difference provided by the TEC, which, for a given density of
emission centres and a common small working surface of the cathode
and anode, could not provide large currents. This can explain the low
output power of our TEC.

It has long been known that the presence of caesium on the surface
of refractory metal anodes affects their work function. An experiment
closer to ours was described in [45]. For a nickel anode with a nanocar-
bon coating (at its operating temperature of 900 K), it was found that
adsorption of Cs can reduce the work function from 4.5 to 1.5 eV, and
intercalation with caesium of the upper carbon layer (due to defects in
it) with the formation of complexes Cs—O—Cs rising above the surface
can reduce the work function to 0.95 eV at a sufficient their density on
the anode surface. This occurs due to the dipole moment of these com-
plexes. Naturally, this mechanism of lowering the work function can
also work on the surface of ‘cold’ cathodes.

Thus, for ‘low-temperature’ TECs, it is necessary to take additional
steps to ensure the optimal difference between the work functions of
the cathode and anode. For example, applying to the anode all of the
above methods of decreasing its work function (making it nano- and
heterostructured with minimal work function), it is possible for the
cathode to limit itself to the use of metal nanostructures that support
resonant plasmon absorption [22, 23]. In such structures, it is possible
(with a sufficiently large work function) to maintain the high tempera-
tures necessary for effective vacuum emission only in a population of
hot electrons photo-excited by stationary solar illumination with pho-
ton energies in the range of =1-4 eV, while maintaining the lattice
temperature of the cathode metal in the temperature range up to 300—
350°C.

4. CONCLUSION

New nanomaterials were created by mechanical mixing of carbon
nanostructures (CNS) and titanium powders in an amount of 3—9% wt.
CNS. The significant changes in their mechanical and electrical char-
acteristics indicate of composites formation with new qualities that
were not present in any of their original pure components. Thus, the
electrical conductivity is changed up to 2 orders in initial state of com-
posites and its maximum values after compaction of samples are in-
creased 1.6 times in comparison with the pure Ti powder and 5 times in
comparison with the pure TEG.

The Ti—-TEG composite with 9% wt. TEG was studied at a solar light
concentrator in the presence and absence of caesium in the samples. On
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this samples were observed voltage and, at first, permanent direct cur-
rent at temperatures 170—-350°C, that is 3—5 times lower than the op-
erating temperatures of traditional TECs made from refractory met-
als. Direct current was observed in a closed electric circuit without ap-
plication of additional external potential difference. It is confirms the
possibility of creating of ‘cold’ cathodes for thermophotoemission con-
verters based on the proposed composite.

The TEC’s vacuum chamber of the original design was created and it
was shown that the working body in it is not only a sample of the Ti—
TEG composite, but also residual gas, to which the voltage and emis-
sion current are very sensitive. The caesium ions play a particularly
important role, without them electron emission is not observed.

Changes in the surface morphology and chemical composition of the
composite sample under the influence of concentrated solar radiation
and the temperatures caused by it have been revealed. Temperatures
above 150°C are critical for the processes of structural reconstruction
of the composite surface. Thus, after the heating of the sample in the
sun, its surface became more developed due to both the TEG release of
some small cavities between Ti particles and the formation of new car-
bon, probably sp®, nanostructures on these particles. The new carbon
nanostructures on the cathode have the form of separately spaced
‘pimple-like’ growths with diameters of tens nanometres, which pro-
vide a significant increase in the contribution from electron field emis-
sion. Possible mechanisms determined the low temperature of electron
emission without adding an external electric field are analysed. Among
them, those that can reduce the work function of both the cathode and
the anode are distinguished. The ways to ensure the necessary differ-
ence in the work functions of the anode and cathode are determined
while maintaining the emitter low temperature due to the ‘heating’ of
only its electronic subsystem, when various collective electronic exci-
tations, for example, plasmons, are generated by external action in a
solid.

It is shown that for the case of ‘cold’ emission without an external
electric field, the nonlocality in time and space of the totality of the
processes causing it and the use of nanostructured homogeneous and
heterogeneous materials are important. Hereby, the experiment,
which clearly demonstrated the possibility of obtaining voltage and
direct current with such emission, confirms the fundamental possibil-
ity of thermionic utilization of low-temperature heat, including con-
centrated solar light.
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