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Abstract

Objectives. Triple barium-strontium-calcium carbonates of various grades are widely used for depositing
oxide coatings on cathodes of electrovacuum devices. Of all types of cathodes used in electrovacuum devices,
oxide cathodes are among the most common, due to combining efficiency, durability, operation at relatively low
temperatures, and a relatively low cost. The aims of this work were to: create a technology for the synthesis of triple
barium-strontium-calcium carbonates with nonequilibrium phase compositions that comprise the triple carbonate
proper and a pure barium carbonate phase; develop a quality control procedure for such a carbonate for using it as
a component of the cathode material for microwave devices; study how the electronic structure of barium oxide
crystallites is affected by doping microimpurities from other phases of the cathode material.

Methods. The study used precision X-ray diffraction analysis and electron spectroscopy.

Results. A technology was developed for the co-precipitation of triple barium-strontium-calcium carbonates from
their nitrate salts. Under optimal precipitation conditions, this produces triple carbonate powders with nonequilibrium
phase compositions. Electron spectroscopy showed that the parameters of the electronic structure of the crystallites
are significantly affected by doping impurities of calcium, strontium, and nickel in barium oxide crystallites formed
by heat treatment of triple carbonates.

Conclusions. Calcium and strontium have a synergistic effect on the doping of barium oxide with the two other
chemical elements. As well as efficiently controlling the quality of the nonequilibrium phase composition of triple
carbonates, whichisformed during the synthesis of triple carbonates by the titration method, precision X-ray diffraction
analysis can be used to efficiently control the processes of agglomeration of nanoparticles or recrystallization
of nanostructured phases formed during the synthesis of triple carbonates.

Keywords: porous-metal cathodes, cathode material, thermionic emission, electronic structure, X-ray diffraction

analysis
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Pesiome

Llenu. TpoiiHble kapOoHaTbl 6apusi-CTPOHUMS-KaNbLMS Pa3fiMyHbIX MapOoK LUMPOKO MCMOJb3YOTCS A1 HAHeCeHs
OKCUOHbIX MOKPbITUI HA KaToAbl 91EKTPOBaKyyMHbIX MPUOOPOB. 13 BCex TUMOB KaToA0B B 3JIEKTPOBaKYYMHbIX NPU-
6opax OKCUOHbIE KaToAbl ABNSAIOTCSA OAHUMM U3 CaMblX PACMPOCTPAHEHHbIX, T.K. codeTaloT B cebe adpdeKTMBHOCTb,
[OJITOBEYHOCTb, paboTy NpY OTHOCUTENIbHO HEBOMbLUMX TeMnepaTypax U CPaBHUTENIbHO HEBbLICOKYIO CTOMMOCTb.
Llenn paboTbl — pa3paboTka TEXHOJIOMMM CUHTE3a TPOMHbIX KapOoHaTOB Bapusi-CTPOHLMSA-KaNbLMsS C HEPaBHOBEC-
HbiM (pa30BbIM COCTAaBOM, COCTOSILLMM M3 COOCTBEHHO TPOMHOro kapboHaTa 1 dasbl YNcToro kapboHata Gapus,
paspaboTka MeToANKM KOHTPOJIS KayecTBa Takoro kapboHaTta ajist MIpUMEeHeHUs! ero B kKa4ecTBe KOMMOHEHTAa KaTo/ -
Horo matepuana ans CBY-npnbopos, a Takxke nccnenoBaHne BAUSHUS Ha 3JIEKTPOHHYIO CTPYKTYPY KPUCTaNIUTOB
okcuaa 6apus NervpyoLmx MMKpPonprumecein n3 coctasa apyrux das katogHoro matepuana.

MeTopbl. Vicnonb3oBaHa MeToaMKa MPEeLM3VMOHHOIO PEHTIeHOCTPYKTYPHOro aHanmM3a U MeTodbl 9JIEKTPOHHOM
CNeKTPOCKOoMuUM.

PesynbTatbl. Pa3paboTaHa TEexXHOJOrnMs COBMECTHOIrO OCaXOeHUs TPOMHbIX kapboHaToB 6Gapusi-CTPOHLUUS-
KanbLMs U3 X a30THOKUCJILIX COJIEi, KOTOpasi Npu BbI6ope OnTrUMasibHOro pexuma ocaxaeHus no3BonsieT nojyyaTb
MOPOLLIKM TPOIMHOro kapboHaTta ¢ HepaBHOBECHbLIM (a30BbIM cOCTaBOM. MeTogamMm 371eKTPOHHOM CNeKTPOCKOoNnu
rnokKasaHo, 4TO JIernpyloLLMe NPUMECK KanbLns, CTPOHLUMS, HAKENS B KpUcTanautax okcuaa 6apusi, GopMnpytoLLImx-
¢Sl npu TepmMoobpaboTke TPOHbIX KapOOHATOB, CYLLIECTBEHHO BAUSIIOT HA NapaMeTpbl NIEKTPOHHOM CTPYKTYPbI KPU-
CTaN/INTOB.

BbiBoabl. COBMECTHOE BAUSIHME KaslbLMSi U CTPOHLMS CBUAETENbCTBYET O HaMYMN Tak Ha3blBAEMOIro CUHepreTu-
yeckoro addekTa npu nerMpoBaHnum okcuaa 6apus AByMs ApyriMmn XMMmnieckumMmm anemeHtammn. Metoguka npeum-
3MOHHOI0 PEHTreHOCTPYKTYPHOro aHannaa rno3eosisieT 3 deKTMBHO KOHTPOIMPOBaTb Ka4eCTBO HEPABHOBECHOIO
$a30BOro cocraBa TPOVHbIX KapOOHATOB, GOPMUPYIOLLEroCs NPU CUHTE3€e TPOMHbLIX KapOOHATOB METOA0M TUTPO-
BaHWS M KOHTPOMPOBATb MPOLECChI arioMepaLmm HaHoYacTUL, INO0 PeKPUCTaNIM3aunm HAHOCTPYKTYPUPOBAHHbIX
das3, GopMUPYIOLLMXCS NPU CUHTE3E TPOWMHbIX KApOOHATOB.

KnioueBble cnoBa: METaIoNoOPUCTbIE KAaTOAbl, KATOAHbI MaTepuas, TEPMOJJIEKTPOHHAA SMUCCUSA, DNIEKTPOHHAs
CTPYKTYpa, PEHTreHOCTPYKTYPHbI aHann3
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npOSpa'-IHOCTb dmuaucoaoﬁ AedaTesibHOCTU: ABTOpr He NMetoT CDI/IHaHCOBOI‘/JI 3anHTEepPeCOBaHHOCTW B nNpeacTaBieH-

HbIX MaTepunanax nam MetTogax.

ABTOPbI 3a9BNSIOT 06 OTCYTCTBUN KOHMMKTA MHTEPECOB.

INTRODUCTION

Triple  barium—strontium—calcium  carbonates
have been widely used as components of various
types of cathodes for microwave -electrovacuum
devices — in particular, as the main component of
a nickel oxide cathode. The chief characteristics of
triple carbonates are determined by their chemical
composition and particle size distribution [1, 2].
While there are various technologies for the synthesis
of triple carbonates [3—11], the functional efficiency
of cathodes using these materials strongly depends
on the technology used for their synthesis. Figure la
shows the equilibrium ternary phase diagram of ternary
carbonates [12], and Fig. 2b presents that of ternary
oxides [13], which are formed by the decomposition
of ternary carbonates during activation of cathodes
by heating at a temperature of about 1000°C. The
shaded areas in the diagrams indicate compositions of
materials used in cathode electronics.

Examples of practically used materials consisting
of triple carbonates include aragonite having a
rhombohedral crystal structure, comprising a ternary
solid carbonate solution. In the case of the thermal
decomposition of suchatriple carbonate during activation
of cathodes and the formation of a ternary solid solution
of barium-strontium—calcium oxides, the work function
of such a material is known to be higher than that of
pure barium oxide [14]. It is noted in the literature that
the phase composition of triple carbonates and, hence,
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their efficiency in the manufacture of cathodes strongly
depends on their synthesis conditions [12, 15].

The aims of this work were to create a technology
for the synthesis of triple barium—strontium—calcium
carbonates with nonequilibrium phase compositions that
comprise the triple carbonate proper and a pure barium
carbonate phase, as well as developing a quality control
procedure for such a carbonate for using it as a component
of the cathode material for microwave devices and
studying how the electronic structure of barium oxide
crystallites is affected by doping microimpurities from
other phases of the cathode material.

TRIPLE CARBONATE SYNTHESIS
TECHNOLOGY

Triple  barium—strontium—calcium  carbonates
of KTA-1-6 grade were prepared by rapidly adding
a 3.5 molal aqueous ammonium carbonate solution
stabilized with ammonia to a 1 molal aqueous solution
of the corresponding nitrate salts at room temperature.
Triple barium-—strontium—calcium carbonate of KTA-1-6
grade was obtained by adding a 0.9 molal aqueous
solution of the corresponding nitrate salts heated to 45°C
to a 3.5 molal aqueous ammonium carbonate solution
stabilized with ammonia.

When developing a technology for the synthesis
of triple carbonates with nonequilibrium phase
compositions, various synthesis conditions were tested.
These differed in the rate of addition of the precipitating

L0, Y,
BaO SrO
(b)

Fig. 1. Phase diagrams of the (a) BaCO4;-SrCO,;-CaCOg(a) [1] and (b) BaO-CaO-SrO [2] systems
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Table 1. Conditions of synthesis of triple barium-strontium—calcium carbonates

Variants of synthesis products
Parameter KTA-1-4 KT/.\j 1-6, KT/.\j 1-6, KTAT1_6’
conditions 1 conditions 2 conditions 3
Morphology of product Fig. 2a Fig. 2b Fig. 2¢ Fig. 2d
Average grallri ;tlé\f]:; 1;11311 }Eililbejrs’ulr{zds Sviv;;h PSKh-10a, 39 19 0.9 20
Composition BaCO;:SrC0O;:CaCO;, % 50:43:6 50:43:6 50:43:6 54:40:5
Temperature of nitrate solution, °C 46 26 30 30
Molar concentration of nitrate solution 0.9 1 1 1

KTA 1-4 Mag= 6.00 KX Zmss  HMM
EHT=2000kv TIMT
P

Mag= 500K X 2um
EHT=2000kv

-
KTA 1-6 pexun 2

KTA 1-6 pexum 1 Mag= 500K X zeiss VM

EHT =20.00 kv nMmT

Mag= 500K X zeiss  HMM
EMT = 20.00 kV nMr

KTA 1-6 pescins 3

Fig. 2. Micrographs of particles of triple barium-strontium-calcium carbonate

component to the solution of nitrate salts, as well as the
rate of mixing of the reacting solutions.

The structure of the powders of the synthesis
products was studied by electron spectroscopy, while
the phase composition was studied by X-ray powder
diffraction analysis. Table 1 presents the conditions
of the synthesis of triple carbonates, while Fig. 2
shows the morphology of particles of the synthesis
products.

INVESTIGATION OF THE PHASE COMPOSITION
OF SYNTHESIS PRODUCTS

The synthesis products were studied by X-ray powder
diffraction analysis. Since the parameters of the crystal
structure of germanium are known up to the fifth decimal
place, a germanium powder was added to the material to
be analyzed at a concentration of 20% to function as an
internal standard. Preliminarily, pure barium carbonate
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Fig. 3. X-ray powder diffraction patterns of (a) carbonate BaCO4 and (b) triple carbonate of grade KTA-1-4

was studied, the X-ray powder diffraction pattern of
which is shown in Fig. 3a. As an example, Fig. 3b presents
the X-ray powder diffraction pattern of the synthesized
KTA-1-4 grade triple carbonate.

Along with solid solutions of triple carbonates, the
analysis of the phase composition of triple carbonate
synthesis products demonstrated the presence of pure
barium carbonate, which content strongly depends
on the synthesis conditions. Table 2 presents the most
significant characteristics of the X-ray powder diffraction
analysis of the synthesis products of triple carbonates
along with the characteristics of pure barium carbonate.

By analyzing the recorded X-ray powder diffraction
patterns along with the parameters given in Table 2, it
was possible to formulate quality control criteria for
triple barium—strontium—calcium carbonates to permit
the efficient use of this material as a component of
microwave device cathodes. Figure 4 illustrates the
selection of quality criteria for triple carbonate using a
portion of the X-ray powder diffraction pattern in the 20
range 22°-28°.

Table 2. Quality control parameters for triple carbonates

Intensity, rel. units

22 24 26 28
20, deg

Fig. 4. Selection of quality control parameters
for triple carbonates

In Fig. 4, peak 1 is the germanium peak used as an
internal standard for determining the positions of other
peaks in the X-ray powder diffraction pattern up to the fifth
decimal place. Peak 2 characterizes a solid triple carbonate
solution phase, while peak 3 corresponds to a phase of
pure barium carbonate. To summarize the results of this

Material
e BaCo, KTA-1-4 ciﬂiiﬁﬁg’l conlgitTilz;ls 2 conlgitTi[(\);ls 3
a, position of peak of triple carbonate, deg — 23.318 23.654 24.673 23.644
d, interplanar distance at peak of triple carbonate, A - 3.660 3.611 3.608 3.613
80, broadening of peak of triple carbonate, deg - 0.40 0.43 0.46 0.42
a, position of peak of barium carbonate, deg 23.778 23.262 23.660 24.22 23.618
Aa, shift of peak of barium carbonate, deg Standard —-0.516 —0.118 0.442 -0.160
36, broadening of peak of barium carbonate, deg 0.31 0.20 0.06 0.07 0.10
g;tzzriigr?a;?;?gite to triple carbonate peak area 100 75 11 38 23
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study, physical criteria can be formulated for the quality of
triple barium—strontium—calcium carbonate for its use as a
component of the cathode materials for microwave devices:

e the position of peak 2 (triple carbonate) represents
the composition of the solid solution of triple
carbonate;

o the width of peak 2 (triple carbonate) represents the
scatter in the composition of triple carbonate;

o the position of peak 3 (pure barium carbonate)
represents the level of doping with microimpurities,
including calcium and strontium;

e the width of peak 3 (pure barium carbonate)
represents the size of crystallites of pure barium
carbonate;

o the ratio of the areas of peaks 3 and 2 represents the
content of pure barium carbonate in the synthesis
product.

INVESTIGATION OF THE ELECTRONIC
STRUCTURE OF MATERIALS

Along with triple barium—strontium—calcium
carbonate, another component of nickel oxide
cathodes is nickel powder having a particle size
of 15-25 pm. In addition to functioning as a
metal phase to increase the thermal and electrical
conductivity of the material, nickel acts as a catalyst
for the decomposition of triple carbonate to the
corresponding barium-—strontium—calcium oxides. In
addition, nickel atoms entering the crystal lattice of
barium oxide affect the parameters of the electronic
structure of the oxide. Obviously, the functions of a
catalyst and an alloying element can be performed
more efficiently by nickel nanoparticles introduced
into the cathode material as an additional component.
In this context, we studied the clectronic structure
of the material of the composition 0.9Ni + 0.1
(KTA-1-6-grade triple carbonate + 0.1Ni (nano)). The
nanopowder comprised a nickel powder with a particle
size of 80 nm, which was produced by electrical
nickel wire explosion by our order at NPK Peredovye
poroshkovye tekhnologii (Tomsk, Russia).

The electronic structure of the materials was
investigated using a Theta Probe high-resolution electron
spectrometer (Thermo Fisher Scientific, USA) equipped
with a high-resolution spherical mirror analyzer, an
X-ray source, and several types of electron gun. This
permits the study of materials by chemical analysis and
characteristic electron energy loss spectroscopy.

The initial components of test samples were a KTA-1-6
grade triple carbonate powder (OST 11-0D0.028.002-76',

' OST 11-0D0.028.002-76. Electro-vacuum devices.
Carbonate of alkaline-earth metals of barium, strontium, calcium.
Specifications. http://www.docum.ru/ost.asp?id=262135.
Accessed October 28, 2022 (in Russ.).

Pluton, Russia); a PNK-1L7 grade nickel powder with
particle sizes of 15-25 pm (Kolskaya GMK, Russia), and
a nano nickel powder (TU 1791-003-36280340-2008,
Peredovye poroshkovye tekhnologii,> Russia). After
mixing the components in a turbula-type mixer
(PASM1.000.001, NPK ISTEL, Russia), the samples
of the materials were placed into molybdenum vessels
(made by hand according to GOST 25442-823 from a
sheet of MCh grade molybdenum, sheet thickness of
0.22 mm, PO Volfram, Russia) with an alundum-coated
molybdenum insert (made by alunding molybdenum
sheets according to the internal technology of
the enterprise) on nickel plates and sintered in
bulk in a vacuum furnace (SShVE-1-2,5/25-12,
NPO TsNIITMASh, Russia) with a gradual temperature
rise to 1200°C for 2 h. The materials to be studied
were compacted into pellets 1 mm thick and 7.6 mm
in diameter on a laboratory press Vaneox 25t
(FLUXANA GmbH & Co.KG., Germany) in steel
molds at a specific pressing force of Py, ~ 4.5-5 t/cm?.

Figure 5 shows the electronic spectrum of barium
states in the studied sample of the material of the
composition 09Ni + 0.1 (KTA-1-6-grade triple
carbonate + 0.1Ni(nano)), while Table 3 presents the
results of the interpretation of this spectrum.

8
2]
S~~~
[2)
P
e
o}
@]
[&]
S
S 4
=
=
(%]
c
]
o)
£

787 785 783 781 779 777
Binding energy, eV

Fig. 5. Electronic spectrum of barium in a sample of the
material 0.9Ni + 0.1(KTA + 0.1Ni (nano))

Characteristic electron energy loss spectroscopy
was used to study the electron plasma energy losses
upon excitation of bulk and surface plasmons in the
oxide phases listed in Table 3. Figure 6 shows the
characteristic electron energy loss spectrum after its
differentiation in order to more clearly distinguish the
peaks of characteristic losses.

2 http://www.nanosized-powders.com. Accessed October 28,
2022 (in Russ.).

3 GOST 25442-82. Interstate standard. Molibdenum
annealed strips for deep drawing. Specifications. Moscow: Izd.
Standartov; 2004 (in Russ.).
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Table 3. Interpretation of the electronic spectrum of barium in a sample of the material 0.9Ni + 0.1(KTA + 0.1Ni (nano))

No. of peak Peak energy, eV Peak intensity, counts/s Peak width, eV Barium in compound
1 778.43 124.17 1.96 Ba(OH)2 -2H,0
2 780.58 3806.47 1.74 Ba, 0 ,Ni,
3 782.51 262.61 1.98 BaO(lfx)
4 784.94 159.08 1.95 Ba, 0. ,Ca,

Table 4. Parameters of characteristic losses in the oxide phases of the material 0.9Ni + 0.1(KTA + 0.1Ni (nano))

Parameter
No. of phase Phase composition
E,eV E, eV N,m™ N,, m™3 N/N,
1 BaO(lfx) 1.96 2.56 4.84 - 10% 4.15-10% 1.17
2 Ba; , 0y Ca St 3.40 5.42 1.05 - 10% 1.33 - 10% 0.79
3 Ba(1 )O(l—x)Nl 7.81 10.84 4.76 - 10% 4.60 - 10% 1.03
1600 oxide, N, is the bulk concentration of oxygen vacancies,
1200 and N is the surface concentration of oxygen vacancies.
£ 800 The total losses AE due to the excitation of plasmon
> 400 oscillations are written as
e 0
- AE=n,E, + n,E 3
g —-800 1~b 2™s? ( )
B _1200 )
~1600 where n; and n, are integers.
-2000 Characteristic loss peaks 1-26 in Fig. 6 are well
30 25 20 15 10 5 0

Fig. 6. Characteristic electron energy loss spectrum
of the material 0.9Ni + 0.1(KTA + 0.1Ni (nano))

Barium oxide, which is formed by the heat treatment
of the material and contains oxygen vacancies, is a
donor-type semiconductor, whereas the other carbonate
or oxide phases in the cathode material are dielectrics.
Therefore, when the surface of the material is bombarded
by medium-energy electrons, they undergo characteristic
energy losses due to the excitation of bulk and surface
plasmons—collective oscillations of oxygen vacancy
electrons. Their energies, £, and E_, respectively, are
found from the well-known expressions

(M

2

where e is the effective charge of an oxygen vacancy,
m”" is the effective mass of oxygen vacancy electrons,
h is the Planck constant, g, is the vacuum permittivity,

= 3.6 is the high-frequency permittivity of barium

grouped into 9 groups, which (three rows each)
correspond to the phases BaO(lix), Ba(l,y)O(l,x)Nl
Ba(k y)O(k x)Ca » Table 4 presents summary data on the
parameters of the characteristic electron energy losses,
along with the calculated values of the volume and
surface concentrations of oxygen vacancies in various
phases of barium oxide.

CONCLUSIONS

It is shown that the technology of coprecipitation of
triple barium—strontium—calcium carbonates from their
nitrate salts can be used under optimal precipitation
conditions to produce powders of triple carbonates
having nonequilibrium phase compositions.

The results of the study of the electronic structure
of carbonates containing a nickel nanopowder suggested
the following conclusions:

(1) The higher bulk and surface concentrations of
oxygen vacancies in the Ba(1 )O(1 x)Ni phase than
in the simple BaO ., bhase should be accompanled
by a lower work functlon of this phase and, hence, a
higher thermal emission current density.

(2) Although the bulk concentration of vacancies is
lower in the Ba, Z)O(1 X)Ca Sr_ phase than in the

(1 y)O(1 x)Nl phase, the ratlo of the bulk and
volume concentrations of vacancies is significantly
less than unity; i.e., the surface is depleted in oxygen
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vacancies, which should be accompanied by a

decrease in the upward curvature of the energy bands,

i.e., a decrease in the work function of the material.
(3) Calcium and strontium have a synergistic effect

on the doping of barium oxide with the two other

chemical elements.

The results of the study of the crystal structure of
triple carbonates synthesized by the titration method
suggest the following conclusions:

e Precision X-ray diffraction analysis efficiently
controls the quality of the nonequilibrium phase
composition of triple carbonates, which is formed
during the synthesis of triple carbonates by the
titration method.

e (5)Precision X-ray diffraction analysis can be used to
efficiently control the processes of agglomeration of
nanoparticles or recrystallization of nanostructured
phases formed during the synthesis of triple
carbonates.
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