Novel electrode materials for sodium-ion batteries

The development of lithium-ion technologies
and the active use of lithium-ion batteries in various
devices lead to a sharp increase in the consumption
of lithium, whose natural reserves are limited.
Chemical current sources based on sodium ions are
considered as alternative current sources. Sodium
is one of the most abundant elements in the earth's
crust and is close to lithium in its properties. The
study of compounds promising for use as cathode
materials for sodium-ion batteries is highly relevant
today.

One of such materials is sodium hexacyanofer-
rate, Prussian White, with the general formula
Naz-xFe[Fe(CN)e]1-y-0-y-mH20 (o — Fe(CN)es vacan-
cies, y — their number), which has high values of en-

ergy capacity and charge/discharge rate. Its open
frame structure can easily accommodate sodium
ions and ensure their rapid transport (Fig. 1). How-
ever, standard eco-friendly methods for their syn-
thesis suggest the presence of a number of Fe(CN)s
vacancies and structured water in the initial struc-
ture of the compound, which affect the stability of
the crystal lattice during electrochemical cycling
and lead to a drop in capacity after long-term oper-
ation. To study the structural phase transitions in
the cathode material during the charge-discharge
process, as well as the structural aspects of the ca-
pacity drop, the in situ/operando X-ray diffraction
and neutron diffraction on an electrochemical cell
during its cycling is used. In in situ measurements,
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Fig. 1
Schematic representation

of the operating principle
of a sodium-ion battery.

Puc. 1

Cxematryeckoe n3obpaxeHue
NpUHLMNa paboTbl HAaTPUI-
VNOHHOTO NCTOYHMKA TOKa.

cathode

HoBble aneKTpogHbie MaTepuarsbl
019 HATPUM-NOHHbIX aKKYMYJIATOPOB

Pa3Butme NnUTUIN-NOHHBIX TEXHONOM N aKTUB-
HOe UCNONb30BaHNE NUTUN-NOHHbBIX aKKyMYJATO-
OB B CaMbIX pa3HOOOPa3HbIX yCTPONCTBAX BEAYT K
pe3KoMy pocTy NoTpebneHna NMTHA, NPUPOLHbIe
3anacbl KOTOPOroO OrpaHunyeHbl. B kauecTse anbTep-
HATMBHbIX PAaCcCMaTPUBAKOTCA XUMUYECKNE NCTOY-
HMKN TOKa Ha OCHOBE MOHOB HaTpuA, OGHOro ”3
CaMbIX PacnpPOCTPAHEHHbIX 3/1IEMEHTOB B 3€MHOW
KOpe 1 Mo CBOUM CBOMCTBaM SIBMIAOLLErOCA CaMbIM
6NM3KNUM K TIUTUIO drieMeHToM. MNMonck n nccneposa-
HVe CoeUHEHWI, NePCNEKTUBHbIX AN1A UCMOJb30-
BaHMA B KauecTBe KaTOAHbIX MaTepuanoB p[ns
HaTPVEBbIX MCTOYHUKOB TOKa, CerogHA BeCbMa aK-
TyasbHbl.

OnHUM 13 TaKUX MaTepranoB ABNAETCA rekca-
umaHodeppat HaTpusa Prussian White c o6wen dpop-
mynon Naz—xFe[Fe(CN)s]i—y-0-y-mH20 (o — BakaHcun

Fe(CN)g, y — nx Konnyectso), 0651afatoLwuin BblCco-
KMMM 3HAaYEHUSAMM SHEPrOEMKOCTU 1 CKOPOCTH 3a-
pAaga/pa3spaga. Ero otkpbiTaa KapkacHasA CTpyKTypa
MO>KET NIErKO BMeLLATb MOHbI HaTprA 1 obecneyu-
BaTb MX ObICTPYIO TpaHCNopTUPOBKY (Pnc. 1). OpgHa-
KO CTaHAapTHblE 3KOMOrMYHbIe MeTOoAbl NX CUHTE3a
npegnonaratT Hannume paga BakaHcuin Fe(CN)s n
CTPYKTYPVPOBaHHOM BOAbl B ICXOOHOW CTPYKType
CcoelMHEHNsA, KOTOpble BAUAIOT Ha YCTOMYMBOCTb
KPUCTaNINYeCcKon peLleTKn Npu 3neKTpoXummye-
CKOM LIMKIMPOBaHUMN U NPUBOAAT K NafeHNI0 EMKO-
CTV Nocne annTenbHOM paboTbl. [Ina nccnefosaHma
CTPYKTYpPHbIX $pa30BbIX NepexooB B KATOLHOM Ma-
Tepuane B npouecce 3apaga-paspaga, a Takxe
CTPYKTYPHbIX aCNeKTOB NafeHnsa eMKOCTU UCMOSb-
3yeTca MeTof in situ/operando puopakunm HerlTpo-
HOB WM PEHTIEHOBCKMX NIyYel Ha SNEKTPOXUMU-
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an array of diffraction patterns for the cathode ma-
terial is obtained, the analysis of which makes it pos-
sible to determine the structural phases of the
material at different stages of sodium intercala-
tion/deintercalation, their transformation during
charge/discharge, and the change in the unit cell
parameters of these phases (Fig. 2).

In situ studies of an electrochemical cell with
commercial Prussian White as an active material
performed at FLNP using X-ray diffractometer
Empyrean PANalytical have revealed that in a com-
pletely discharged state (the cathode material is in-
tercalated with sodium) the material has a
rhombohedral structure (phase “R’, sp. gr. R-3, see
Fig. 2) [1]. A small fraction of the dehydrated rhom-

Fig. 2

Evolution of X-ray diffraction patterns measured
during charge and subsequent discharge of the
electrochemical cell with sodium hexacyanoferrate
Prussian White as an active cathode material. The
corresponding voltage curve and changes in the
unit cell parameters of the cubic and
rhombohedral phases are presented.

Puc. 2

BoNOLMA PEHTTEHOBCKUX ANGPAKLIMOHHbIX
KapTWH, N3MePEeHHbIX B XOfe 3apaja 1 nocnenyto-
Lero paspana 3NeKTPUYeCcKon AYenkm C rekcaluma-
HodeppaTom HaTpua Prussian White B kauecTtBe
aKTMBHOrO KaTofHOro MaTepurana. Takxke nokasaHbl
COOTBETCTBYIOLUME N3MEHEHMWA HAaNPAXKeHUA

1 NapameTpoB AYeeK Kyouueckom

1 pombo3apuyeckor das.

yecKkon Avyernke B npolecce ee UNKNMPOBaHMA. B
XOAE in situ N3MepeHnin NoslyyaoT Mmaccus grudpak-
LMOHHbIX KaPTWH OT KaTOAHOro MaTepuana, U3 aHa-
NM3a KOTOPbIX OMpefensAlT CTPYKTYpHble ¢asbl
MaTeprana Ha pa3HbIX 3Tanax UHTepKanAuun/gevH-
TepKanauum HaTpuem, Nx TpaHchopmaLmio B xome
3apA- Aa/paspaga u U3MeHeHve nNapaMmeTpoB Kpu-
CcTannunyeckomn peluetkn atux ¢pas (Puc. 2).

In situ nccnepgoBaHuA, NpoBefeHHble B JIHO Ha
peHTreHoBCcKkOM andpakTomeTpe Empyrean PANa-
lytical c anekTpoXMMMYECKO AYENKON C KOMMepYe-
ckum Prussian White, BbISsBUAY, UTO B NMOSIHOCTbIO
pa3pAKeHHOM COCTOAHUU (MHTepPKanMpoOBaHHOM
HaTpuem) maTepuan HaxoauTca B pombosapuye-
ckon dase (np. rp. R-3, daza «R», cm. Puc. 2) [1].
Kpome 3T1Oro, npucyTcTByeT gerngpaTtnpoBaHHas

bohedral phase (dR-phase, sp. gr. R-3) is also pres-
ent. Deintercalation of sodium from the structure of
hexacyanoferrate during cell charging leads to the
transition of the R-phase into a sodium-deficient
cubic phase (“Cub’ sp. gr. Fm-3m) and the disap-
pearance of the dR-phase. Upon discharge, a sym-
metrical transition of the cubic phase into the
rhombohedral R phase and the emergence of the
dR phase occur. After long-term cycling of the cell,
an incomplete transition from the cubic phase to
the rhombohedral R-phase is observed. The meas-
ured large volume changes in the cubic phase dur-
ing the charge/discharge process can lead to
structural degradation of a part of the material,
which, as a consequence, causes a drop in capacity.
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cell parameters, A

pombosapuueckasa ¢dasza (pasa «dR», np. rp. R-3),
[lOoNsi KOTOPOW 3aBWCUT OT TepMMYECKOl MoAro-
TOBKM 3neKTpoga. [deuHTepKanaumsa HaTpus u3
CTPYKTYpbI rekcaumaHodpeppata npu 3apsge co-
npoBoXaaeTcs nepexofom R-dpasbl B HaTpuii-gedu-
LUUTHYI0 Kybuueckyto ¢asy («Cuby, np. rp. Fm-3m) un
ncuesHoeHnem dR-dasbl. [Mpu paspsage npomcxo-
OUT CUMMETPUYHbBIA Nepexol Kybuyeckon ¢asbl B
pomboagpuueckyto R-pasy n noasneHue dR-¢pasbl.
Mocne MHOrOKpPaTHOMO LMKINPOBAHMWA AUYEKM Ha-
65110aeTcsA HEMOJHBIN Nepexol Kybuyeckon ¢asbl
B pombo3apuueckyto R-¢pasy. Bo3aMOXKHO, UMEHHO
60/blUNEe 06bEMHbIE U3MEHEHUA KyOuyeckom dasbl
B Npovecce 3apsaa/pa3paga NPUBOAAT K CTPYKTYp-
HbIM ierpafaumsamM yactu matepuana, obycnasnu-
BAIOLMM MafieHne eMKOCTHU.






