ISSN 0868-5886

HAYYHOE IIPUEOPOCTPOEHUE, 2024, mom 34, Ne 1, c. 43—61

MPUBOPOCTPOEHUE ®U3HUKO-XUMHUUYECKON

BUOJIOT'UHN

VIIK 621.357

© T. 3. KyJemoa, 2024

HOJYYEHUE AKTUBHUPOBAHHOI'O YIJIA U3 BUOMACCHI
B KAYECTBE 9JIEKTPOJHOI'O MATEPHAJIA
JJIAA QJJIEKTPOXUMHNYECKHUX YCTPOUCTB (OB30P)

AKTUBHPOBAHHBIN yrojib 00JIa1aeT IPEBOCXOHBIMU MIEKTPOXHUMHUYECKIMHU XapaKTEPUCTUKAMH, TAKUMH KaK 00JIb-
mIasi yAenbHasl IIIOMIAb TIOBEPXHOCTH, OBICTPHIM IIEPEHOC HOHOB/JIEKTPOHOB, KOHTPOJINPYEMasi XMMHUs TOBEPXHO-
CTH, 4TO JIEJIaeT €ro MepCleKTUBHBIM KaHAUIATOM B KadeCTBE 3JEKTPOJHOIO MaTepuana s dJIEKTPOXUMHUECKUX
ycrpoiicTB. bruomacca u3 cenbCKOXO3SIMCTBEHHBIX MPOIYKTOB U OTXOJIOB SIBJISIETCSI MHOTOOOCUIAOIINM TPEKYPCO-
POM JUIsl IPOM3BOZCTBA AKTUBUPOBAHHOIO YIJIsA, TOCKOJIBKY OHA HIMPOKO paclpocTpaHeHa U BO30OHOBIsIEMa, MPO-
cTa B 00paboTKe U dKOJIOrMuecky Oe3onacHa. B 1anHOM 0030pe cpaBHUBAIOTCS 3JIEKTPOIHBIE MaTepUalibl, HCIIOJb-
3yeMBbI€ JJIs JIEKTPOXUMHUIECKUX YCTPONUCTB, IPUBOAATCS UX NMPEUMYIIECTBA M HEAOCTATKH, a TAKXKE PACKPhIBAaETCS
aKTYaJIbHOCTh HCIOJBb30BaHMS YTJIEPOAHBIX MaTepuaioB. B KauecTBe MEPCHEKTHBHOTO JIEKTPOJHOTO MaTephaia
paccmarpuBaercsi OMomMacca pa3iIMyHOTO cocTaBa. [IpuBeseHbI JTaHHBIE 1T0 METOJaM TOJIyYeHUS! aKTHBHPOBAHHOTO
yris U3 Omomacchl, crocodaM ero akTHBAIMM M MapaMeTpaM OLEHKH 3(PQEeKTUBHOCTH 3JIEKTPOIHBIX cHcTeM. Pac-
CMOTpEHBI BO3MOKHbIE MOAN(DHUKALMK aKTHBUPOBAHHOTO YIS, MOBBIMIAIONINE €ro MPOBOAUMOCTE. B 3akimoueHue
JIAaHO OITMCaHME IIMPOKOT0 Kpyra MOAXOAAIIMX NCTOYHUKOB OMOMAcChl M BOBMOXXHOCTH WX NMPUMEHEHHS B Pa3ind-
HBIX JJIEKTPOXMUMHUYECKUX YCTpoicTBaX. Ha OcCHOBaHMM NPUBECHHBIX JAHHBIX MOXHO CJIEJaTh BBIBOJ, YTO aKTUBH-
POBaHHBIN yroJib, TOJYYSHHBIH 13 OHOMAcChI, SIBJISETCS MEPCIEKTUBHBIM KaHIUIATOM B Ka4eCTBE JJIEKTPOIa JUIs
BBICOKOA()(PEKTHUBHBIX INMEKTPOXHUMUIECKUX YCTPOICTB.

Kn. cn.: akTHBHPOBAHHBIN YTOJIb, JJIEKTPOXUMHUUECKHE YCTPOHCTBA, HOHUCTOPHI, PACTUTEIBHBIA MaTepHall, 3eeHast

OHEPIrust

BBEJAEHUE

B nacrosiiiee BpeMs OCHOBHOI 00bEM dHEPTUH Ue-
JIOBEYECTBO MOJYYAET 3a CUET MCIOJBb30BAHUS HCKO-
MaeMbIX BUJOB TOIUIMBA — YIS, HETH, HEPTEIPO-
IIyKTOB W TIPUPOAHOTO Ta3a. OIHAKO TaKHUE SHEPTCTH-
YECKUE PECypPChl SBISIOTCS UCUYEPIIAEMBIMU U HECYT
BpeI OKPYKAIoIel cpene, CBSI3aHHBIN C 3arpsi3HEHHU-
€M BO3/1yXa U 3KOCUCTEM. B CBS3U C 3TUM Ba)KHO pa3-
BHUBATh DKOJIOTMYECKH YUCTHIC albTEPHATHBHBIC BO-
300HOBJISIEMbIE HCTOYHUKH DHEPIHHU, CIIOCOOHBIE Yac-
TUYHO YJOBJIETBOPUTH PACTYIIUN CIPOC Ha TI00ab-
Hy10 sHeprut0. OTHUM U3 TaKUX YHETOPECYPCOB SBIIS-
ercs Omomacca, ¥ B YaCTHOCTU TPOJYKTHI €¢ mepepa-
0OoTKM.

Pa3ButHe MpOrpecCHBHBIX TEXHOJOTHH BO30OHOB-
JIIEMOM M IKOJIOTUYECKU YUCTOM DHEPTETUKU SBIIACT-
Cs PELIEHUEM PsiJia MHOTOUUCIECHHBIX 9KOJIOTMYECKUX
npobsiem. B mocneanee Bpemst Bce Oosibllice BHHMa-
HUE TPUBIICKAIOT HOHUCTOPHI — DJICKTPOXUMUICCKUE
YCTpOMCTBAa Ml XpaHEHUS SHEPrUH, OOJaIaroIne
OJTHOBPEMEHHO BBICOKOM MOIIHOCTBIO W BBICOKOM
sHeproeMkocThio [1]. Tlo cpaBHEHHIO ¢ OOBIYHBIMHU
KOHJICHCATOpaMU OHU UMEIOT 00Jiee BBICOKYIO IUIOT-
HOCTb HHEPrUU H3-3a MOPUCTOU CTPYKTYPBI 3IEKTPO-
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JIOB U MEXaHU3Ma HAKOIUICHUs >Hepruu. MoHUCTOPHI
MIEPCIICKTUBHEI B Ka4e€CTBE 3aMEHBI OCHOBHBIX DJICK-
TPOXMUMHYECKUX HakKomuTeled »sHepruum (OaTapeek
U KOHJICHCATOPOB), T.K. NIEJAIOT 3EJICHYI0 JHEPIHIO
KOHKYPEHTOCITIOCOOHOH C WCKOIAaeMBbIM TOILIHBOM.
B 1aHHBII MOMEHT HCCIIENOBAaHHUS B JTOM 001acTH
COCpEIOTOYCHBI Ha Pa3padOTKe HOBBIX YTIEPOIHBIX
MaTepHalioB C MOBBIIMICHHON MOPHUCTOCTBHIO, KOTOpas
obecneunBaeT 00Jjiee CUIBHOE B3aMMOACHCTBHUE MEXK-
Iy MaTepuajoM 3JEKTPOJa U HMOHAMH DIIEKTPOJIUTA
Y TIPUBOJIUT K 00Jiee BHICOKOM yAECITEHON €MKOCTH.
AKTHUBUPOBaHHBIN yTOJIb TIPEJCTABISET COOOH TIO-
PHUCTOE BEIIECTBO, KOTOPOE MOIYUYAIOT U3 PA3TUIHBIX
YIIEPOICOICPKAIINX ~ MaTepHajoB OPraHUYECKOTO
MIPOUCXOXKJEHUSA. AKTHBHPOBAHHBIA yTOIh HMEET
MPEUMYIIECTBEHHO aMOpPGHYIO0 TIPHUPOIY, COIACPKUT
0O0JBIIOE KOJIMYECTBO MOP (B MEPBYIO OYepe/Ib M3-3a
mporecca MPOM3BOJACTBA W OOPaOOTKH) M TOITOMY
HMMEET Pa3BUTYIO YACIbHYIO MOBEPXHOCTH HAa €IUHUILY
MAacChl, BCJICJCTBHE Uero o0iagacT BHICOKOW ajcopO-
IMUOHHOH crocoOHOCThI0 [2]. Cpenn HMCIONb3yeMbIX
B HACTOSIIEE BPEMS AJICKTPOIHBIX MATEPHUAJIOB aKTH-
BHUPOBaHHBIN YTIiepoj] 00J1ajaeT BRIIAIOMMMHUCS Xapak-
TEPUCTUKAMU: OOJIBIION YJICTBHOM IUIOIIA/IBI0 TTOBEPX-
HOCTH, BBICOKOW ajcopOumen, BBHICOKOA(P(PEKTHBHBIM
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MIEPEHOCOM HOHOB/3JICKTPOHOB, PETYJIUPYEMON XHUMH-
el TIOBEPXHOCTH, JAOCTYIHOCTbIO U HU3KOH CTOHMMO-
cteio [3—5]. Bee 310 nmenmaeT ero MHOTOOOEMIAIONTUM
KaHIUJATOM B KaueCTBE DJICKTPHUIECCKOTO MPOBOJTHHUKA
JUTSL DJIEKTPOXUMHYIECKHUX YCTPOMCTB.

Haubonee pacripocTpaHeHHBIM TPEKYPCOPOM IIPHU
M3TOTOBJICHUY AKTUBHUPOBAHHOTO VTS SIBISICTCSI WC-
KOIMaeMOe TOIUIMBO — HE(Th U YTodlb, UTO JIEIACT €ro
MPOU3BOJICTBO JOPOTUM U HEOE30MACHBIMU IS OK-
pyxatomieid cpensl. OmHako Bce OObllle BHAMAaHUS
YACNSACTCS TOMYYCHUIO aKTUBUPOBAHHOIO YIJIsl U3 OWO-
Macchl, KOTOpas UIMPOKO pPacHpoCTpaHeHa, IMpocTa
B 00paboTKe U sBIsIeTCs OoJiee NEIICBBIM, JISTKOJI0C-
TYIHBIM, BO300HOBJISIEMBIM, 3KOJIOIMYECKH YHCTHIM
Marepuaiom [6].

Lenrs HacTosmero ob3opa 3akitodaercs B 0000-
IMICHWH WMEIONINXCS TAHHBIX M BBISBICHUHM TEPCIEK-
THB KCIIOJIb30BaHUsI OMOMACCHI B KAUE€CTBE MPEKYPCO-
pa A MOJy4YeHHs aKTHBHPOBAHHOTO YTIIS IS DJIEK-
TPOJHBIX CUCTEM BJIICKTPOXUMHUYECKUX YCTPOHCTB.

MATEPHUAJIBI AJI5 QJEKTPOOB

Marepuansl, UCIOIb3yEMbIe B Ka4eCTBE 3JIEKTPO-
JIOB, BKJIIOYAIOT TMPOBOASIIUE TOJUMEPHI, METaJIbl
Y TIOPUCTHIE YTIIEPOJCOEPKAIINE COSTUHEHNS, TaKne
KaK aKTUBHUPOBAaHHBIA YIojb, YIJIIEPOJHBIE a3pOreiu
1 HaHOTPYOKH [7, 8]. Meramibl, mepexoHbIe MeTall-
Jbl U CHUHTETHYECKHE IOJMMEPHI YK€ IIUPOKO HC-
MOJIB3YIOTCSI B Ka4deCcTBE JJIEKTPOIHBIX MaTepHalioB
IUISL DIIEKTPOXUMHUYECKHX YCTpoHcTB. Ilpu aTom kax-
OBl W3 HUX OOJIaaeT KaK NPEHMYIIECTBAMH, TaK
u HegocraTtkamu (taoum. 1) [9-13].

HNCIIOJB3YEMAA BUOMACCA

MexayHapoIHBI COK3 TEOPETUYECKOM U IIpu-
knagaoit xumuu (IUPAC) ompenensier Onomaccy Kak
MaTepHal, MOJyuYeHHbIH B pe3ynbTare OHOJIOrHYecKo-
ro pocta (pacTeHHid, MUKPOOPTaHN3MOB, KHUBOTHBIX)
[14]. Yrnmepon sBIsETCS OCHOBHBIM COCIUHEHUEM,
BXOJIIMM B cocTtaB Owmomaccel [3]. Ilpumenenue
Oromacchl B Ka4ecTBE TPEKypcopa Mpu MPOU3BOJICTBE
3JIEKTPOJIOB 110 CPAaBHEHHIO C HCIIOJIb30BAHUEM HCKO-
MaeMoro TOIIMBAa 0o0jee JIErKOJOCTYIHO, JIEIIEBO
M DKOJIOTHYECKH Oe301macHo [6].

[lepcrieKTUBHBIM TPEACTABISAETCS HCIOIb30BaHNE
MOOOYHBIX MPOAYKTOB U OTXOJIOB CEIIBCKOTO XO3SIHCT-
Ba [15]. B xauecTBe IPEeKypCcOpPOB MPH MPOU3BOICTBE
aKTUBUPOBAHHOIO YTJIsl HCIIOJB3YIOT ApeBecuHy [16],
6opmesuk [17], oTxonsr KoerHsx 3epeH [ 18], KMBIX
caxapHoro TpocTHHKa [18, 19], pucoByro menyxy
[19-21], ckopnymly ceMsH MOACONHEYHHKa [22],
ckopaymy apaxuca [20], muctes [13], 6akTepuu [23],
rpubsl [24], dhucTamkoByo ckopaymy [25] u MHOTOE
JpyToe.

Koneunsie cBOMCTBA YriepoIHBIX MaTepUasoB 3a-
BUCSAT OT BHJIa M cocTaBa Ouomacchel. U3 paznnuHoi
OroMacchl MOKHO TIOJTYYUTh OTIIMYHBIE IO pa3MepHO-
CTH CTPYKTyphl: opHoMepHBIe (1D) HaHOCTPYKTYpHI
(HaHOKPHCTAILITBL, HaHOTPYOKH, HAHOCTEPKHH)
13 OroMacc ¢ BOJIOKHUCTOH (JICH, KMTalicKasi Kpanusa,
OakTepuallbHas IIEJUTI0NI03a) WK TpyOUaToil (XJIOMOK,
pPacTUTENBHBIN IyX, MBOBBIE CEPEKKN) CTPYKTYPAMU;
nBymepHble (2D) wmartepmanbl, B KOTOPBIX Sp-
THOPUIN3NPOBAHHBIE aTOMBI yTJEpOAa COEIUHEHBI
BaJICHTHBIMHU CBSA3SIMH C TPEMS COCEAHUMHU aTOMaMH,

Tao.. 1. IIpenmymiecTBa ¥ HEAOCTATKH PA3THIHBIX JIEKTPOJHBIX MATEPHATIOB JUTA JIEKTPOXUMHUYECKUX YCTPOHCTB

MaTepMan HpeI/IMyHIeCTBa MaTtepurajia HGHOCTaTKI/I MaTtepuraia
3JIEKTPOa
Mertamibel u Bricokast 3 pekTUBHOCTh HaKOIICHHs | — DKOJIOTUYECKAsi ONIACHOCTb,
nepexoaHbIe SHEPruu — TOKCUYHOCTS [10],
MeTaJlIbI — HECOOTBETCTBHUE LIEISIM YCTOWYHBOTO
pasButus [11]
IHonumepst Bricokast 3QexTHBHOCT, B Hakorie- | — HeycToW4YHBBIN )KN3HEHHBINA ITUKIT
HUU SHEPTUU 3a cyeT HaOyXaHus, yCaaKH U mepe-
OKHCJICHUS TTOJIMMEPa B pe3yJsIbTaTe
MICEBIOEMKOCTHOM peakuuu [12];
— TPYJIOEMKOCTh M3TOTOBJICHHS
Buomacca — YTrIepoIHO-HEUTpaIbHbIN, BnusHue npouecca U3roToBICHUS
— BO300HOBIISIEMBIH, Y COCTaBa Ha 3NEKTPOXUMHUUECKHE Xa-
— IMIAPOKOAOCTYITHBIMN, PaKTEepPUCTUKH
— He BPEIUT OKPYIKaIOLIEH cpene,
— HHM3Kasi CTOMMOCTB MaTepuana [13]
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U3 puca, IIBETKOB OyTeHBWJIMH, LIENKa, OakiakaHa,
0TX0JI0OB Omomacchl; TpexmepHsie (3D) yrieposaHbie
MaTepHaibl CO CBA3aHHBIMH MEXIY COOOH MEIKUMH
Y KpYTHBIMH TIOPAMH U3 CaXxapHOTO TPOCTHMKA, KYKY-
PY3HOH COJOMBI, KOXKYPBI YECHOKa, CEMSH ITOACOJ-
HEYHHMKa, CKopuymbl [26]. M3 Ouomaccel BO3MOKHO
MOJTyYeHNe aKTUBUPOBAHHOTO YTJIS PaziIMYHBIX pas3-
MEpPOB U CTPYKTypel [27]: THOpHCTOrO MarepHuana
C pa3MepoMm mop MeHee 2 HM; OUOYTJIs, JIETHPOBAHHO-
ro rerepoaroMamu (TakMMH Kak a3oT, Qocdop wuimu
cepa); OMOYTIIS, JISTHPOBAHHOTO METaJUIaMU; YTICPO-
HbIe HAaHOTPYOKK auamerpom oT 0.8 10 2 HM ISt OJTHO-
CTEHHBIX ¥ 5—20 HM JUI1 MHOTOCJIOWHBIX CTPYKTYP.

MNOJYYEHUE AKTUBUPOBAHHOI'O YI'JIA
N3 BUOMACCHI

[Ipon3BOACTBO aKTMBHPOBAHHOTO YIJISI OOBIYHO
COCTOUT W3 JIByX NPOILECCOB — KapOOHHW3AINU U aK-
THUBAIlUN, KOTOpPBIE MOTYT OBITh JHOO pearn30BaHBI
B OTJIEJIBHBIX peaKkUusAx, JUO0 00beAMHEHBI B OJHOM
mporecce [28].

KapOonuzanust npexypcopa akTUBUPOBaHHOTO YT-
7 TIPOMCXOIUT IIPH HU3KOH Temreparype, OOBIYHO
ot 400 °C nmo 850 °C, u B OTCYTCTBHE KHUCIOPOJA.
[IpeoOpazoBaHne OPTaHMYECKOTO BEHIECTBA IMPOBO-
OUTCS C LENbI0 IMOBBIMICHUS COIEPXaHUS yriepona
W CO3/laHUsl TOPHUCTOH CTpYKTypbl. KapOonuszaums
MOJKET OBITH OCYIIECTBJIECHA C HCIIOJIb30BAHUEM pa3-
JIMYHBIX METOJIOB:

1. Iluponn3 — TepMudecKoe pa3inoxeHne onmomac-
Cbl B MHEPTHOH aTrMmocdepe ¢ HOoIydeHHEM OHOoyrds,
OnoHedTH W CUHTE3-Ta3a B AMana3zoHE TeMIepaTyp
300-900 °C. MeaJsieHHBII TUPOIU3 OCYLIECTBISIETCS
NpU HU3KOH ckopocTu Harpesa (5—7 °C/MuH) B Teue-
HUE JTUTENbHOTO BpeMeHH (Oosee 1 1), OBICTPHIA H-
poaM3 peannsyercs mpu OOJbIIEH CKOPOCTH HarpeBa
(100200 °C/mun) 3a Oomee KopoTkoe Bpems [29].
Pa3znoxeHue JTMIHOLEIUIIOIO3HOW OMOMAcchl ¢ MOMO-
IIpI0 MEJICHHOTO NHPOJIM3a MPUBOANUT K IMOIyYEHHIO
OoJbIIero Koim4gecTsa OHOYTIIS, a P OBICTPOM TTHPO-
nm3e cUHTe3upyercs 6onbine ouonedTn [30].

2. I'mpporepmanbHast KapOOHM3ANNS TPUMEHSIETCS
JUIL C)KUTaHUs OMOMAacChl C BBICOKHM COJIEpKaHHUEM
BIIar¥W mpu Ooyiee HM3KUX Temmeparypax 180-250 °C
u nuanazone gasnenuit 2—10 Mlla [31]. IIpu noBbI-
meHun temrepatypel 10 250-350 °C u naBieHuUs
mo 10-30 Mlla (rugpoTepManbHOM — CHKMIKEHHH)
yMEHbBIIAeTCsl O0YTIIMBAHNE U YBEIHMUMBAETCS BBIXOJ
omonedTH [32].

3. Toppedakuust (MITKMH THPOIHM3) — TEIUIOBAS
obpaboTtka 6momacce ipu 250-300 °C B Teuenune 10—
100 muH [33].

4. MrHoBeHHasT KapOOHU3AIMs BBIIOTHICTCS MPH
temnepatype 10 400 °C u MOBBIIIEHHOM JaBJICHUU
C TIPOTHBOAEHWCTBHEM BO3JAYIIHOTO IMOTOKA B TEUEHHE
Kopotkoro Bpemenu 1020 mun [34].
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R. Farma wu coaBTops! [6] BapbHpOBaIN TeMIepa-
Typy KapOOHHW3allM{ TPU MPHUTOTOBICHUU aKTHBUPO-
BAaHHOTO YIUIi U3 (PPYKTOBBIX BOJIOKOH U IOKa3al,
YTO TEMIIepaTypa CKUTaHHs JOJDKHA OBITh KaK MOKHO
ONMKe K TeMIiepaType akTHBalWH, T.K. 3TO IPUBOJUT
K YJIYYLICHUIO SJIEKTPOXUMHUUYECKUX XapaKTePUCTHK
WMOHUCTOPOB. [Ipy 3TOM HEMaJOBaKHBIM SIBIISICTCS
cocTaB OMoMacchl — MpPH TepPMHUYECKOH 00paboTke
TeMULIEIUTION03a, EeJTI0JI03a M JIMTHUH pa3jaraloTcs
C pa3HOHW CKOPOCTBIO M B Pa3HbIX TEMIEPaTypPHBIX
nuamnaszonax [35]. B To Bpems Kak JTUTHUH MOJBEpTa-
eTCsl MUPOIM3Y B IIUPOKOM JHara3oHe TeMIepaTyp
300-500 °C, pa3noskeHHe TeMUIIEIUTIONO3EI U IEIUTIO-
JI03Bl TPOUCXOJHUT PE3KO M B Y3KOM JHAIa3oHE TeM-
neparyp — 250-300 °C u 300-350 °C coorBerct-
BeHHO [35].

B TpaguunoHHOM MeTOJE TEPMHUYECKOIO pasio-
JKEHUsI HArpeBaTENIbHBIA 3JIEMEHT, PaCIOJIOKECHHBIN
BOKpYT MaTepuaia, co3aeT popMUpOBaHUE IpaIeH-
Ta TEMIIepaTyphl OT MOBEPXHOCTH K BHYTpEHHEH 4Jac-
TH CXKUTaeMOTO BEIECTBA, YTO MOXET IPHUBECTH
K TIOJYYCHUIO HEPAaBHOMEPHOU CTPYKTYPBI aKTUBUPO-
BaHHOTO YIS Ha BeIxoze [36]. Bo3aMOXHBIM perieHu-
eM NaHHO# mpoOiemsl sBisiercss npuMmenenne CBY-
n3nyyeHust [15] — MUKpPOBOJHBI B3aUMOJECHCTBYIOT
HEIOCPE/ICTBEHHO C YacTHIIaMU BHYTPH MaTepuana,
4yTo Oo0ecreunBaeT OBICTPHIA HArpeB BCEro oObema
[37]. Ucnonp3oBaHME MHUKPOBOIHOBOTO W3IYYECHHUS
oOecnieunBaeT OoJjiee BBICOKHE TEeMIIEpaTyphl CIieKa-
HUSI, N30MpaTebHbI HarpeB, 0ojee KOPOTKOE BpeMs
00pabOTKH, CJIEeNOBATEILHO, OOJBIIYI) DKOHOMHIO
sHeprun [38]. OcHOBHBIE MapaMeTphl, XapaKTepHu-
3ytomue 3PGEKTUBHOCTh KapOOHU3AIMHU, BKIIFOYAIOT:
MOIIHOCTh M3JIy4eHHs] — TIPH HU3KHX YPOBHSX HE
MPOMCXOANT HEMPEpHIBHON peaknuu, a TIpu Oolee
BBICOKHX TIOpPHUCTasi CTPYKTypa paspyliaeTrcs, dYTo
B 000UMX Cllydasix IPUBOANUT K CHIDKEHHUIO aJIcopOLnu;
BpeMsi BO3ICUCTBHS — 4Ype3MepHOoe 00IydyeHHe MOo-
JKET TIPUBECTH K PaspyLICHUIO CTPYKTYPBI MHKPOIIOP,
U coJiep)KaHue KHUCIOpoa B PEaKIIMOHHOM o0beMe —
yAaJeHue KHCIOPOACOoepk AKX (YHKIHOHAIBHBIX
TPYIII CIIOCOOCTBYET MOJIYYEHHIO O0jIee OTHOPOJIHOTO
Martepuana [37]. X. He wu coastopsl [21] mokasanu,
YTO MOHMCTOPHI, U3TOTOBJIEHHBIE HA OCHOBE ME30II0-
PHUCTOrO yTIepoia, MOJYYEHHOTO € MOMOIIBI0 MUKPO-
BOJIHOBOT'O HAarpesa, MO3BOJISIOT AOCTUTATh IUIOTHO-
ctu sHeprud 19.3 Br-u/Kr npu ynenbHOH MOIIHOCTH
1007 Br/kr.

AKTHUBALIUA YTJIEPOJA

AKTHBalMg — 3TO MpOLECC MpPEeBpalleHus yrie-
poIOCcCOnEePKAIMX MaTepualoB B aKTHBUPOBAHHBIH
yronb [28]. AKTUBAIMIO MTPOBOJAAT MPH BHICOKOM TeM-
nepaType daiie BCEero C A00aBICHHEM XMMUYECKUX
areHTOB C LENbI0 Pa3BUTHUA IMOPHUCTOM CTPYKTYpHI
Y TIPUAAHAS YTII0 HEOOXOIUMBIX CBOHCTB.
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st akTuBanuy yriepoja IpUMEHSIOT LENbId psij
Pa3IMYHBIX METO/IOB!

1. ®usnveckasi, UM TepMHUYECKasl, AKTUBALIUS, IIPH
KOTOPBI YITIEPOACOMAEPKAIMA MaTepuaia CcHadaja
KapOOHU3UpYETCsl MPHU BBICOKMX Temrmeparypax 600—
900 °C B unepTHOI atmMoc(epe, HapuMep a3oTe, s
yaaneHust OOJbIIeH YacTH CoJieprKallerocs BoAOpoaa
W KHCJIOpPOJa W MOJyYeHHUs] MOJyKOKca C KeJIaeMoM
mopuctocThio [15]. 3aremM MOATOTOBJICHHBINA MONY-
KOKC aKTHBHPYIOT B MPUCYTCTBHU OKHCIISIOIIMX Ta-
30B, TAKMX Kak Tap, JIByOKHCH YTIJIepoJia, BO3AYX WU
CMECH 3THX Ta30B, /I MOJyYEHHUs] aKTUBUPOBAHHOTO
yris [39].

2. XuMH4ecKas aKTHBAlUs 3aKiIroyaeTcsi B 100aB-
nennu aktuBupytomux areatoB (KOH, ZnCl,, NaOH,
K,CO;, H;PO4 u FeCls) npu mUpONUTHUECKOM pas3-
JIO)KEHUHM HMCXOAHBIX YTJIEPOJCOJEepKAIIUX BEIIECTB,
KOTOpPBIE BBITIOJHSIOT TaK)XXe POJIb JETUIPATUPYIOIINX
areHTOB, OKHCIUTENEH U MOAABIAIOT CMOJIOOOPa30Ba-
Hus [15]. Xumudeckass akTUBalUs MPEICTaBIsSET CO-
0ol cTajMAHBIA TPOIECC, MPU KOTOPOM KapOOHHU3a-
U U aKTHBalMA OCYIIECTBIIAIOTCA OJHOBPEMEHHO
B auamnaszoHe Temmeparyp 300-950 °C, uro Biusier
Ha MPOLECC CKUTAHUSA U MPHUBOIAUT K MOIYUYCHHIO XO-
poieil mopuctoi cTpykTypsl [28]. Hampumep, npu
aktuBanuu ¢ ucnoias3oBanueM KOH mpotekaroT cie-
nmytorue peakmun [40—42]:

6KOH + 2C— 2K + 2K,COs + 3H,, (1)
K2C03—>K20 + COz, (2)
CO, + C—2CO, (3)
K,CO; + 2C—2K + 3CO, 4)
K,0 + C—2K + CO. (5)

3. Ilpu camMoakTHBAIMM UCMOIb3YIOTCA Ta3bl, BbI-
JEeISIoIIecs py KapOoHHU3aluK OMOMAcchl, YTO T0-
3BOJISIET MIPOBOAMTH PEAKIIMIO MOITYYEHHS aKTUBHPO-
BaHHOTO yris 3a oaHy cramuio [3]. Taxxe Moryt
OBITP MCIIOJIb30BaHBl HEOPraHWYECKHE BEIIEeCTBA,
NPUCYTCTBYIOIIME B OMOMacce sl XUMHUYECKOH ca-
MoakTuBanuu [43]. HemocratkoM camMoakTHBaIUU
SBJIIETCSI CJIOKHOCTh KOHTPOJIMPOBaHUS IMpoIecca,
COCTaBa BBIJIENIIEMbIX Ta30B U MOJIy4aeMOi CTPYKTYPBI.

4. Ipumenenue mabIOHOB (MaTPHUI]) — >KECTKHX,
TaKUX Kak KpemHe3eM [44], Wi MATKHUX, UCTIOb3YIO-
IIMX TOJMMEPHBIE PEaKIMU Ul NMPUAAHUS YacTHLAM
ocoboii dopmbl, Hampumep cdepsl [45]. Msrkuii
mabiion He TpeOyeT yJaleHWs IOocie aKTHBALUH,
a )KECTKHM yAaJSIETCA 1IEIIOYHOM MPOMBIBKOW. B 1e-
JIOM, XOTSl MCIOJb30BaHHE MIA0JIOHHOTO METO/Aa MO-
JKET TPUBECTH K KOHTPOJIMPYEMOH MOPHCTOCTH,
CTOMMOCTb 3TOT'0 METO/Ia BBICOKA.

AKTHBHMPOBAHHBIN yTOJb, MOJYYEHHBIH METOAAMHU
¢u3nYecKol WM XUMHUYECKOW aKTHBAIlUH, WMEET
UIMPOKOE pacimpenenacHue nop mo pasmepam [46]. bol-
JI0 TI0Ka3aHO, YTO MUKPOTIOPHUCTHIA YTOJIb C pa3MEepOM
nop ot 0.7 10 2 HM JEMOHCTPUPYET BBICOKHUE EMKOCT-
Hble XapakTepucTuku. [47]. Ilpm sToM HemaioBax-

HYIO POJIb UTPAeT METOJ aKTHBAIIMU WIH HCIOJb3Yye-
MBI XWUMHUYECKHM areHT B 3aBUCUMOCTU OT BHJA
OMOMACCEHI.

LL.G. Inal wu coaBtopbI [48] OTMETHIIN, YTO AKTH-
BUPOBAHHBIM Yrojb, MHOJYYEHHBIM H3 OTXOIOB 4as
myTeM akTuBauuu ¢ npumenenneM K,COj;, mokasan
ropazlo Jy4llHe D3JEKTPOXUMHUUYECKHE MapaMeTphl,
YeM TPH HMCIOJIB30BAHUM B KaueCTBE XUMHUYECKOTO
arenta H;PO,. AxtuBanmms K,CO; npuBena k Ooiee
OJTHOPOJHOM MHUKPOIIOPUCTON CTPYKTYpE 3JIEKTPOJOB
Y MEHBIIIEMY KOJIMYECTBY KUCIOPOAHBIX TPYMI HA MO-
BepxHoctu. C. Jiang wu coaBTOopsI [49] mokazanu, 9To
HauOoJbmas yaenbHas eMKkocTh 92.7 ®/r npu miot-
HOCTH TOKa 100 MA/T 3JIEKTPOXUMHUYECKUAX YCTPOHCTB
JOCTUTACTCS TPU HUBKOTEMIIEPATypPHOM IHUPOJIU3E
O6romacchl ¢ Tocieayromen Gu3ndecKor akTuBaueit
¢ ucnonb3oBanneM CO, no cpaBHenuw ¢ 80.9 O/,
MOJIyYEHHOU IPU NPSIMON aKkTUBaLMU. B TO ke Bpems
B pabore [50] orMeuyeHo, 4TO TpsMas aKTUBAIUS
¢ arentamu KOH u H;PO, no3Bonuna nomnyyuTh
YICNBbHYIO TUIOMIATh TOBEPXHOCTH AKTHBUPOBAHHOTO
yruis jo 1272 u 1373 M2/T COOTBETCTBEHHO.

METO/JbI U3YUEHUSA XAPAKTEPUCTHUK
AKTHUBHUPOBAHHOI'O YI'JISA

DJIEeKTPOXUMHUYECKUE XapaKTEPUCTUKHU IJIEKTPOJIOB
Ha OCHOBE AaKTHBHPOBAHHOTO YIS ONPEHEINSIOTCS
CIIeIYIOIIUMH METOIaMU:

1. DnekTpoxuMudeckas WMIICJaHCHAS CIEKTPO-
cxkormst (EIS — electrochemical impedance spectro-
scopy), HCIONb3yeMasi sl TOJXY4YeHHS YacTOTHOH
XapaKTepPUCTUKH JIEKTPOXUMUYecKuX Oarapeii. [lo nan-
HbeM EIS, emkocts Cg, MOXKET OBITh paccUMTaHa cle-
TYIOIIIM 00pa3oM [6]:

Co=—1/(mfi-2"-m), (6)

rJie fi — camasi HU3Kas 4acToTa, ZI” — MHHUMBIA UM-
NeIaHC TIPH fj, @ m — Macca JIEKTPOoa.

2. Hwxnmuaeckas Bomprammepomerpus (CV —
cyclic voltammetry), B KoTOpoli (UKCUpYETCS HU3Me-
HEHHE BO BPEMEHHU TOKa, MPOTEKAIOIIETO Yepe3 U3y-
JaeMyl0 CHCTEMY IPH HAJIOKCHHH Ha Hee HallpsoKe-
HUS, U3MEHSIIOIIET0Css BO BPEMEHH IO 3aKOHY Tpe-
yronbHuka. Emkocts Cy, MOXHO ONpENeIuTh U3
BOJILTAMIIEPOTPAMM COTJIACHO YPaBHEHUIO:

Cyp=21/(Sm), (7)

rie / — 3MeKTPUIECKUi TOK, S — CKOPOCTh CKaHUPO-
BaHUs, M — Macca JJIEeKTPo/Ia.

3. l'anpBanocTaTHUeckuit 3apsa-paspan (GCD —
galvanostatic charge-discharge), 3akmouaromnuiics
B YCTaHOBKE 3aJIaHHOTO TOKa (3apsijia WiIH pa3psjaa)
oA perucTpanuu 3aBUCUMOCTH IMOTCHIIUAJ — BPpEMS

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 1



INOJIVYEHUE AKTUBHWPOBAHHOI'O VYIJIA U3 BUOMACCHI 47

wiu noteHunuan — 3apsa. EmMxocts Cg, MOXKHO paccyn-
TaTh, UCHONL3ys JanHbie GCD mo ypaBHEHHIO

Cy =21/ (AV] Ay m), (8)

rae / — Tok paspsina, AV — nHanpsbkenue, At — Bpe-
Ms paspsina, m — macca aekrponaa [51], AV / At pac-
CUMTBHIBAETCA U3 HAKJIOHA, MOJYYEHHOI'O IyTEM IOJ-
TOHKM MpSAMOM JIMHUM K KPUBOM paspsaa OT KOHLA
MajJieHus HampsbKeHHWs 10 KOHILAa Mpolecca paspsna
[52].

Kymonosckwuit KI1/] onpenensercs mo dhopmysie:
n=(Tq/ T.) 100%, 9)

rae 1y u 7. — BpeMs pa3psza U BpeMs 3apsja CoOT-
BEeTCTBEHHO [13].

3HaueHus yAeIbHONW MOIIHOCTH (P) W ynenbHOMH
sHeprun (FE) paccumrteiBaioTcsi mo maHHeiM GCD
C UCIIOJIb30BAHNEM YPaBHEHUH, COOTBETCTBEHHO:

P=VI/m, (10)
E=V-It/m, (11)

rae [ — Tok paspsaa, V — HampsikeHue, ¢ — BpeMs
[53].

OCHOBHBIE TOKa3aTelIH, XapaKTepu3yloumue 3¢-
(EKTUBHOCTh TOJyYEHHOTO AKTUBHUPOBAHHOIO YIJIS
B KAauecTBE AJIEKTPOJAHOrO0 Marepualla il 3JIEKTPO-
XUMUYECKUX YCTPOHCTB, BKIIOUYAIOT YACIBHYIO IIO-
BEPXHOCTb aJCOPOCHTOB, IUIOLIAAM MOBEPXHOCTU
1 00eMbI MEKpOTIOp (Tadi. 2) [54].

Ta6ur. 2. [TapameTps! orieHKU 3(H(HEKTUBHOCTH JIEKTPOJIOB

MOIUPUKALINN AKTUBUPOBAHHOI'O YI'JIA

Hns ynydimieHuss aficopOLMOHHOM CIIOCOOHOCTH
MTOBEPXHOCTH U 3JIEKTPOHHOM MPOBOANMOCTH YTIIEPO-
Ja B YITIEPOJHBIM CKEJIET MOTYT OBITh BBEIEHBI pa3-
nugHble TerepoaToMsl [55]. H. Cao ¢ coaBTopamu [56]
MOKa3ajdk, 4YTo npHUcyTcTBUE O-QYHKIMOHAIBHBIX
TPYII OKa3bIBa€T CYIIECCTBEHHOE BIUSHHE HA dPQeK-
THBHOCTh D3JICKTPOXUMUUYECKUX ycTpoicTB. T. Wei
C coaBTOpaMu [52] CHHTE3UpPOBAIN MOPUCTHIN yIile-
pOJl, JIETHPOBAHHBIM a30TOM M KHCIOPOJOM, ITyTeM
THAPOTEpPMabHOW 00paboTKH KOpBI cTeOns Oymax-
HOM mmenkoBuubl B npucyrctBun KOH ¢ mocnemyto-
MM OJHOBPEMEHHBIM IHPOJIHM30M M aKTHBaLUeH
KOH. IlomyueH akTUBHpPOBAHHBIN yToJIb C OYEHB BBI-
COKO#i y/IeNIbHOM TIOBEPXHOCTBIO — 1212 M?/r, Goitb-
M oobeMom mop — (.81 CM3/r, a 3JIEKTPOAbI HA €ETO
OCHOBE JIEMOHCTPHPOBAIN BBICOKYIO YAETHHYIO €M-
koctb — 320 @/r npu 0.5 A/r.

Hekoroprie uccnemnoBanus [57] mokaszamu peHTa-
0eIbHOCTD MCIOIBb30BAaHUS OKcuaa KpeMHus SiO; s
peryJaupoBaHus MOPUCTOH CTPYKTYphbl YIJIIEPOAHOMN
000JIOYKM M  TOBBIMECHHUS  3JIEKTPOXMMHYECKUX
CBOWCTB, TAKMX KaK €MKOCTb M CPOK CITyKOBI.

Y. Zhang ¢ coaBropamu [58] PeIOKIIA TEXHOIIO-
THIO CXKUTaHMSI OMOMAacChl M JITUPOBAHUS KPEMHHEM
JUIST CHHTE3a YTJIEPOIHBIX KOMIIO3UTOB C YTIOPSIIO-
YEHHOH CTPYKTypoil MUKpornop u me3omop. [Ipeobpa-
30BaHHE CTPYKTYPHI ITOpP OT HEYMOPAAOUCHHOM K yIO-
PSIIOYCHHOM NpH JIETUPOBAHUM KPEMHHEM OBLIO Tak-
JKe OTMeueHo B pabore [58].

[Tapametp Enununa XapakTepucTuka
HU3MEpCHU

SBET M/T VY aenbHasi MOBEPXHOCTh HA €IUHUILY MAacChl MaTrepuaia UiId Be-
IecTBa, paccuMTaHHas 1Mo MeTroay bpyHayspa — Owmmera —
Tenmepa (BET)

Shicro M/r [Inomaas MOBEpXHOCTH MUKPOTIOP

2 o

Sexternal M/T [Inomaas BHEIIHEH NOBEPXHOCTH, OMPEIACISIONIas BHEUTHION
TpaHUILy TBEPOTO 0OBEKTA HITH KOJIMIECTBO MOPOIIKA/ TPAHYT

Viot oM/t OO0t 00beM mop

Viicro eM’/r O0BeM MUKPOTIOP

Vineso eM’/r O0beM me301op

Pa3mep nop A Cpenuuii pa3mep mop

Brixon yrnepona % Omnpenensercss Kak OTHOIICHWE MAacChl aKTHBHPOBAHHOTO YTJISA
K Macce cyxoro ceipbs: Y = (W, / Wy)-100, tme W, — macca mipe-
Kypcopa, W — macca noiy4eHHOT0 aKTUBUPOBAHHOTO YIS
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N3MeHeHus: B CTPYKTYype MOP MOTYT ObITh 0OBsIiC-
HEHbl BBIJICJICHUEM HEKOTOPhIX IEPBUYHBIX TIa30B
(CO,, CO, CHy4, Hy) Ha cTamuax pas3moKeHHs], PETo-
TUMEPU3aIIH, TUKIA3AIIN U apOMaTH3aINH TIPEKyP-
copos yris [58].

L. Cao c coaBropamu [55] mpomeMOHCTpHPOBATU
MPOCTOM M HSKOHOMMYHBIA OJHOCTAAUNHBIA METOJ
C HCIIOJIH30BAHUEM PA3IUYHBIX a30TCOACPKAIINX CO-
emquaennii (NH4Cl, (NH,4),COs3;, CH4N,0O) B kadecTBe
aKTHBHUPYIOIIETO areHTa M JETUPYIOMICH IpUMECH IS
MOJIYYEHUs] JIETUPOBAHHBIX a30TOM HEpapXUUYECKUX
MOPUCTBIX YTICPOIHBIX MAaTepUajoB, MOIYYECHHBIX
n3 6uomaccsl. [lomydeHHbIe ¢ UCTIOE30BAHIEM MOYe-
BUHBI AJICKTPOJIbI 00ECIIEYNBAIIN YCIbHYK) €MKOCTh

300 ®/r mpu 1 A/r W mIOTHOCTD OSHEPTUHU
14.3 Bt u/kr.

Z. Ding c coaBTopamu [59] mpeanonoxwid, 4To
KOTMYeCTBO  (PYHKIHMOHAJIBHBIX TPYNI  CBA3aHO

C DJIGKTPOXUMHUYECKOH CTAOMIIBHOCTBIO, & HAaIWYHe
omnpeneneHHbIX csaser (Hampumep, O—C=0 mwm C=0)
WHIYyHHUpYeT 0ojee BBICOKYIO €MKOCTh YTJIEPOIHBIX
marepuaioB. A. Elmouwahidi ¢ coaBropamu [60]
NPUILIA K BBIBOAY, YTO OOraThlii KUCIOPOAOM aKTH-
BUPOBAaHHBIA YTOJb AEMOHCTPUPYET CaMylo HH3KYIO
eMkocTh (259 ®/r mpu 125 MA/r) u3-3a HanH4Us
MOBEPXHOCTHBIX KapOOKCWIILHBIX TPYIII, TMPEsTCT-
Byromux auddy3uu IeKTponTa, a OOTaThId a30TOM
AKTUBHPOBAaHHBIN yToJb MPUBOAUT K MOJTYYECHUIO BBI-
cokoii emkoctu (355 ®/r mpu 125 MA/r) u3-3a mnces-
JOEMKOCTHBIX 3(](ekToB (YHKUMOHAIBHBIX TPy
azota. W. Yang c¢ coaBtopamu [61], HaoOopoT, 0OHa-
PYXKWIIH, YTO JJIEKTPOXUMHYECKAs aKTUBHOCTH BO3-
pacrana ¢ yBelIM4eHHEM COJIepKaHHs KHCIOPO/Ia.
Hcxons U3 3TOro, MOKHO C/AENATh BBIBOJ, YTO IO-
BEPXHOCTHbIE (YHKIMOHAIBHBIE TPYIIBI, BKIOYAs

a30T, KUCIopoa u Gochop, MOTYT 3HAUYUTEIBHO YCH-
JIMBaTh JIIEKTpOXUMHUYecKHe cBoicTBa [8]. OnHako
MOBBIIICHHOE KOJMYECTBO (DYHKIIMOHAIBHBIX TPYIII
Ha TIOBEPXHOCTH YTJIEPOJHOTO DJEKTPOAa MOXKET
MPUBECTH K HEOOPAaTUMBIM OKHCIUTEILHO-BOCCTA-
HOBHUTEJIbHBIM PEAKIUSAM U HM3MEHEHHUIO CTPYKTYPhI
Y CBOWCTB aKTUBUPOBAHHOTO YTJISL.

NCTOYHHUKHU BUOMACCHI

st mpow3BOACTBA AKTUBUPOBAHHOTO VYTJIS WC-
MOJIL3YyEeTCSl OMOMAacca JIECHBIX PACTEHH, CETbCKOXO-
3IMCTBEHHON MPOAYKUHUU W OTXOAOB, IMPOU3BOJCT-
BEHHBIX ¥ OBITOBBIX OTXOJIOB.

Ha puc. 1 mnpencraBieHsl yIenbHBIE EMKOCTH
U yIEJbHbIE MOBEPXHOCTH, PACCUUTAHHBIC HA €IUHU-
LIy MAacChl AIEKTPOAHOr0 MaTepuasna, U3rOTOBICHHOTO
U3 JIECHBIX pacTeHuil. UHTepecHO OTMETUTb, UTO JIJIst
pa3MYHBIX JEPEBbEB OBUIM TOJYYCHBI OTIMYHBIC
DICKTPOXUMHUIECCKUE XAPAKTEPUCTUKH — HaUOOIb-
mas yaenbHas MoBepxHOCTh 2821 M°/r Gblna Xapak-
TepHA ISl XBOMHBIX NIpoB [62], a yaenpHas eMKOCTb
394 @®/r nnst uBel [63]. B xauecTBe aKTHMBATOPOB YT
3 6uoMacchl ucnoib3osanuck: HsPO, nwin NaOH nis
KayuykoBoro aepeBa [64], KOH mis 6ambyka [65],
JIpeBECHOM cMOJIbI [66], UBOBBIX JAepeBbeB [63], MeTa-
miekcrca smoHckoro (Metaplexis japonica (thunb.))
[67] n (u3mueckass akTHBaNWs Ta30M JUII XBOMHBIX
IpoB [62].

XapakTepuCTUKU MIPEKYypPCOPOB Ooromacchl
U3 CEJIbCKOXO3SMCTBEHHON NPOAYKIUM U OTXOJ0B
CEIbCKOTO XO3SHCTBA JISI WU3TOTOBIICHUS DSJIECKTPOJI-
HBIX MaTE€pUaIOB AJIs SJICKTPOXUMUYECKUX YCTPOICTB
MIpeJICTaBICHbI Ha pHUC. 2.

500
- B Ve ThHas TOBEPXHOCTD, M/T VnensHas eMkocTh, /T
L 3000-
= =
ﬁ 100 S
5 o
= 300 2
T
E 2000~ 2
) b=
2 (5]
= 200 3
S %
= 10007 E
v
4 M
E 100 £
=
0 0
Kayuykosoe BbamGyk JlpeBecHas XBOWMHbIE Hea MeTaniekcuc
JEPEBO CMOIIa D,pOBa ATTOHCKHIT

Puc. 1. YaenbHasi eMKOCTh M IUIOIIA/b [TOBEPXHOCTH JIIEKTPOJOB Ha OCHOBE aKTHBHUPOBAHHOTO
yIJIsI, TIOJTYYCHHOTO U3 OMOMACCHI JISCHBIX PACTCHHIA: KaydyKOBOTO JepeBa [64], 6amOyka [65],
JIpeBECHON cMOJIBI [66], XBOHHBIX OpoB [62], uBkI [63], MeTarIeKcuca AMOHCKOTO [67]
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Haubonpmas ynensHas eMKOCTb Oblia MOJTydeHa
IUIs 3JIEKTPOJIOB Ha OCHOBE 3M3H(yca M apaxucoBoil
Myku — 499 @/t [68] u 525 ®/r [21] COOTBETCTBEHHO.
MaxkcumainbHasi U3 UCCIIeIOBaHHBIX YIeNbHas OBEPX-
HOCTh aKTUBHPOBAaHHOIO yIJIsg Obla XapakTepHa Ui
KyKypy3HBIX 3epeH — 3199 m2/r [69]. B xauecTBe ak-
TUBaTOpoB ObLIHM Hcnonb3oBaHbl: KOH s myka [63],
sm3udyca [68], mampmoBoro macna [6], com [70],
CKOPJIyIIbl CEMSH IMOJACOIHEYHUKa [22], pUcoBOil co-
noMmel [71], KyKypy3HBIX 3epeH [69], 06omoukn ceMsH
aprannu [60]; MukpoBoiHOBOe obOmyueHwe u ZnCl,
JUISL AKMBIXa CaXxapHOro TPOCTHHKA [72], apaxucoBOH
myku [21]; ZnCl, nna xaprodenbHbIX 0TX0A0B [73],
0TX0A0B KoQeiHbx 3epeH [18], ckopnymsl apaxuca
[74], oGomoukn Kamenuu MaciISHUYHOH [75]; mOTOK
ra3a Uil KyKypy3HbIx crebneit [76] m NaOH nmns ab-
PUKOCOBBIX KOCTOUEK [46].

XapakTepUCTUKU TNPEKYPCOPOB aKTHBHPOBAHHOTO
yriast u3 OMOMAacchl MPOMBIIUICHHBIX OTXOJOB Mpel-
CTaBJICHBI Ha pHC. 3.

HauGonbiuas yienpHas MOBepXHOCTh 2841 wm/r
W MaKcHMaJbHasg yaenbHas eMKocTh 340 O/r Obutn
MOJTYYEHBI 1JIs1 aKTUBUPOBAHHOT'O yIJIsl HA OCHOBE OT-
XO0JIOB OT mpou3BojcTBa 4das [13]. B kauecTBe akTu-
BHUPYIOIIUX areHToB Hcnosb3oBanuck: KOH — nmus
nepepaboTaHHON MakyJatypsl [77], KOpOBETO HaBO-
3a [78], oTX0A0B OT YaifHBIX JHCThEB [13], TabauHBIX
crepxkueit [79]; ZnCl, — amst skMbIxa caxapHOTo Tpo-
crauka [18]; mupomu3 — mig otxonoB oT razet [80];
YABTPa3BYK JUIsl  TaHuuped KpeBeTok [81];
HNO; — maxkynarypst [82]; CO, — ommiok u3 Kay-
YyKOBOTO jepeBa [83]; ra3 — Juia MIKOTH W3 S0JIOK
[83].

W ViienbHas TTOBEpPXHOCTh, M7/T
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XapakTepuUCTHUKU TPEKYPCOPOB aKTUBHUPOBAHHOIO
yIiast U3 6MomMacchl OBITOBBIX OTXOZOB NPEICTABIICHEI
Ha puc. 4. HawubGonbplias ynenbHas TOBEPXHOCTD
1352 ™M’/r Gblia XapakTepHA [is aKTHBUPOBAHHOTO
YISl HA OCHOBE KOXYpBHI MaHHOKHU [84], a ynmempHas
eMKocTh 368 ®/r — 11 0TX040B KOGEHHOH Tyl
[18]. B xaduecTBe aKTHBHPYIOIINX areéHTOB MPUMEHS-
muce: CaO JUIsL  CKOpJIyIbl MaJbMOBOTO sizipa
W AWYHON CcKopiymbl [85]; camoakTHBamus — IS
KOKOCOBO# ckopiynsl [86]; ZnCl, — s oTX0m0B
koeitno# rymmwm [18]; KOH + CO, ¢ momndukannei
nosepxHocTH H,SO4 — ans xoxypsl MaHuoku [84];
NUpoau3 — ISl stuuHOoM ckopuynsl [57]; H;BO; —
JUIsl OTpabOTaHHBIX YAHBIX OTXOOB [87].

Takum 00pazom, oJlHa U3 caMbIX OOJBIIUX YyIEIb-
HBIX MTOBEPXHOCTEH aKTMBHPOBAHHOT'O yIiis OblIa IO-
JydeHa Al KyKYPY3HBIX 3€peH B KaueCTBE IPEKypco-
poB [69], a HaubobIIas YIACIbHASI EMKOCTH JIEKTPO-
JIOB U1 3IEKTPOXMMHUUYECKUX yCTPOICTB OblIa Xapak-
TepHa JJIS apaxrucoBoi Mmyku [21].

HNCIIOJBb30BAHUE BUOMACCBI
JJIA PASJIMUHBIX SJTEKTPOXUMHUYECKUX
YCTPOUCTB

AKTHBHPOBAHHBII Yrojib HCIHOJB3YIOT KaK MaTe-
pUan JJIs M3TOTOBJICHUS DJICKTPOIOB IS dHEPrOHA-
KaITMBAIOIIUX YCTPOWCTB, TAKUX KaK KOHJIEHCATOPHI
C JBOWHBIM JJICKTPUYIECKAM CJIOEM, TICEBIOKOHICHCA-
TOPBI, ACHMMETPUYHBIC U TUOPUIHBIC KOHJICHCATOPHI.

ViensHas eMKocTh, O/T

VaensHas eMKocTh, /T

Puc. 2. YaenpHas e€MKOCTh W IIIOMIAJAb MOBEPXHOCTH AJIEKTPOAOB HA OCHOBE AKTUBHUPOBAHHOIO YT, MOIYYEHHOTO
13 OMoMacchl CeTbCKOXO3SIMCTBEHHOM MPOIYKIMK U OTXOAO0B: JyKa [63], ®KMbIXa caxapHOTO TPOCTHHKA [72], KapTodens-
HBIX OTXOJOB [73], ckopiymbl apaxuca [74], kykypy3Horo ctebmst [76], su3udyca [68], maneMoBoro Macna [6], 0TX010B
kodelHbIx 3epeH [18], apaxucoBoit myku [21], cou [70], ckopiymbsl ceMsiH moJiconHeuHuKa [22], pucoBoit comomsl [71],
000JI0YKH KaMeJIUH MacInIHO [75], KyKypy3HbIe 3epeH [69], 006onouku cemsia apranuu [60], aOpHKOCOBBIX KOCTOYEK [46]
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W VlebHAd TOBEPXHOCTB, M>/T

VaensHadg eMKOCTB, O/T

Puc. 3. YnenpHas eMKOCTD U IUIOMIAAb TIOBEPXHOCTH JIEKTPOIOB HA OCHOBE aKTUBHPOBAHHOTO YTIIS, MOJY-
YEHHOTO M3 OMOMAacCHl MPOMBIIIICHHBIX OTXOJIOB: JKMBIXa caxapHoro TpocTHHKA [ 18], oTxom0B rasets! [80],
TaHIUps KpeBeTok [81], mepepadoTanHoi Makynatypsl [77], MakymnaTypsl [82], onmMiIoK Kay4yKOBOTO JepeBa
[83], kopoBbero HaBo3a [78], 0TX00B "aiiHOTO JucTa [13], TabauHbIX cTepx)HEH [79], MAKOTH s1010Ka [83 ]

Honuctopsl npeacTaBisioT co0OH 3JIEKTPOXUMU-
YecKHe SUEHKH, COCTOSIIIME M3 DJIEKTPOIOB M 3JIEK-
TPOJHWTAa MEXKAY HHMH, U SIBIIOTCS MHOTOOOEIIaro-
IIMMH yCTPOWCTBAMU XPaHEHHUS JJIEKTPOIHEPTUU A
MIPUIIOKEHHH, TPEOYIOMNX BBICOKOW MIIOTHOCTH HEP-
TMH, HAJEKHOCTH, MaKCUMaJIbHOW MOIIHOCTH, IJIH-
TEJILHOT'O CPOKa CITY>KOBI, TOJITOBPEMEHHOW CTaOMIIb-
HOCTH PabOThI, MaJIBIX IabapUTOB, HU3KOW CTOMMO-
CTH, OBICTPOH pa3psAKK/3apsIKid, HHU3KOTO YpPOBHS
HarpeBa, 6e3omacHocTd [6]. st M3rOTOBIICHUS HAKO-
MUTENEN HEPTUU YIJIEpOJHbIE MaTepHalbl MOTYT ca-
MU TI0 ce0e BBICTYNaTh KaK 3JIEKTPOIBI JIHOO0 CITYKUTh
KaK MOJUIOKKa AJIs MprcoenHeHus rerepoatomos (O,

N, H u T. A.), cHOCOOHBIX MOBBIMIATH 3IEKTPOXUMHUYE-
CKHE XapaKTepUCTHUKH [8].

beuto oOHapyxeno [21], 9TO MOHHCTOPHI, W3TO-
TOBJICHHBIE M3 ME30MOPHUCTOrO yriepoaa u3 Ouomac-
CBI, TAKOH KaK CKOpPIyIIa apaxuca ¥ pUCOBas IIeryXa,
WMEIOT BBICOKYIO TUIOTHOCTH SHepruu 19.3 Br-u/kr
MpU BBICOKOH moTHOCTH MoutHocTH 1007 B1/kr u3-3a
YHUKAJIBHOH CTPYKTYpBI ME30II0pP.

K. Wang wu coaBtopam [88] ymamsoch HOCTHYb
yaensHOU eMKocTH 340 ®/r, BRICOKOH yAETbHOHN IO-
BEPXHOCTHOM eMkocTu 52.7 MD/cm IIpU IJIOTHOCTHU
Toka 0.1 A/T 1 XOpOIIeH MUKINIECKOH CTaOMIEHOCTH

[
::;._. 3000 m VenbHas MOBEPXHOCTh, M2/T VienbHast eMkocTh, O/ L 500 =
5 400 .9
o f .|
S 5
Q
3 2000. 1300 &
Q P
z )
= 200 &
g 1000, =
= [3)
4 L100 5
=
= I B 0
Cxopryna Koxocoas Otxoaw! Kodefinoit Koxypa MaHHOKH — SIHuHad ckopayna — OTpaSoTaHHBIC
TaTbMOBOTO A1pa H CKopIyma Ty OTXOIBI yas

AHYHAA CKOPITyIa

Puc. 4. YnenbHas eMKOCTb M IUIONIAJb MOBEPXHOCTH AJIEKTPOJOB Ha OCHOBE AKTUBHPOBAHHOTO YIJISl, MOJYYEHHOTO
13 OMOMAaCCHl OBITOBBIX OTXOOB: CKOPJIYIIBI MMAajJbMOBOTO Siipa U SUYHOM CKOPIIYNBI [85], KOKOCOBOW CKoOpiymbl [86],
0TX0/10B KoeliHoH ryiu [18], koxypbl MaHuoku [84], stmaHOM cKOpynbl [S57], oTpaboTaHHBIX 0TX0/10B Yas [87]
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(coxpanenue 92% emkoctu B TeueHue 3000 1ukioB)
JUIS. HOHUCTOPOB C 3JIEKTPOIaMU HAa OCHOBE aKTHBH-
POBAHHOTO YIJIsA, IOIYYEHHOTO U3 OMOMACCHI CEPEIKEK
uBel. M. Yu u coaBTopwl [89] paspaboramu peHTa-
OCNBHBI METOJA TOJYYCHHS TOPHUCTOTO yTiepoja
13 OMOMAacChl poro3a — CBEKCIIPUTOTOBJICHHBIN aK-
TUBUPOBAHHBIM Yrollb HMMEN BBICOKYIO VYACIbHYIO
IJIOMAAhL TTIOBEpXHOCTH 441.12 M2/T TocIte aKTHUBaIlIU
CO, ¥ IEeMOHCTPUPOBAT XOPOUIUE 3IIEKTPOXUMHYE-
CKHE€ XapaKTePUCTUKH B Ka4yeCTBE JIIEKTPOIOB JIJIs
MOHUCTOPOB — YJENBHYI0 eMKOCTh 126.5 @/r npu
mwioTHocTH Toka 0.5 A/r B auama3oHE HOTEHIMAIOB
ot —1.0 mo 0 B ¢ ucmonszoBanuem 6 M pactBOpa
KOH B kauectBe anekrponurta. E. Taer u coaBropam
[90] ¢ ucnonb30BaHMEM OMOMACCHI JIUCTHEB CH3UTyMa
YAANOCh pealin30BaTh CTPYKTYPY HAHOIHUCTOB, IIO-
JMOOHYIO I[BETKY, JCKOPUPOBAHHBIX HAHOBOJIOKHOM,
YTO TMO3BOJWJIO YBEIUYUTH IUIOIMIAAb IMOBEPXHOCTH
AKTMBHPOBAHHOTO yrist ¢ 216 M*/r 0 1218 M*/r u pe-
TYJUPOBATH NPU 3TOM pa3Mepbl ME30I0P.

Brmo mokaszaHo, 4TO BBICOKAs YICIbHAS €MKOCTH
mo 791 @®/r moxer ObITh JOCTUTHYTa C UCIIOJIB30Ba-
HHAEM DJJICKTPOJIOB, M3TOTOBIECHHBIX W3 YTIEPOIHOTO
HAHOBOJIOKHA, MOJIyYeHHOT0 U3 0amMOyKa, JISTMpOBaH-
HOTO TIoiuMepoM (TrosmmanuiauHoM) [91]. BaxkHo oT-
METUTh, YTO JIETUPOBAHHOE YIJIEPOJHOE HAHOBOJIOK-
HO, U3TOTOBIIEHHOE U3 0aMOyKOBOH OMOMAacChl, MOKET
XxpaHuth Oonbuie sHeprun (791 D/r), yem smeKTpox,
W3TOTOBJICHHBI W3 HEOPTaHWYECKHX MaTepUasoB,
takux Kak rpaden (117 &/r) [92], pyrenuii (200 O/r)
[93], kobanbT (475 D/r) [94], HUKens (153 D/r) [95]
u mapranen (482 @/r) [96].

DNEeKTpOoAbl Ha OCHOBE OMOMACCHI TaKKe HCIIOJNb-
3YIOTCSI TIpH  Pa3pabOTKe MHUKPOOHBIX TOIUIMBHBIX
aneMeHTOB. A.A. Yaqoob u coaBTopbl [97] u3yyanu
WCITOJIB30BaHNE JIUTHUH-TPad)€HOBOTO aHOMa, IIONY-
YEHHOTO M3 MACIUYHOM ManbMbl. AHOJ Ha OCHOBE
JIMTHUHA TO0Ka3aJl IIoTHOCTHE Moraocta 0.020 MBT/M
npyu mIoTHOCTH Toka 17.54 MA/M°. Y.H. Hung u co-
aBTOpHI [98] mOKa3ayiyM, 9TO aKTUBHUPOBAHHBIN YTOJb
13 KO(EeHHBIX O0TXOJIOB MOKHO HCIIOJIb30BaTh B Kade-
cTBe Marepwaia Juisi (opMHpOBaHHS aHOJa B MHUK-
pOOHOM TOIUIMBHOM D3JICMEHTE Ha OCHOBE FEscheri-
chiacoli, IIIOTHOCTP MOITHOCTH KOTOPBIX JOCTUTAET
3927 mBt/M”. T'padeH-noanaHIINHOBBI HAHOKOMITO-
3UTHBIA aHOJ, TOJyYEeHHBIH W3 IEJUTIONI03HON Omo-
MacChl, HCIIONB30BAICS IS YAAJICHUS TOKCHUYHBIX
METAJJIOB M COBMEIIEHHOTO TIPOHM3BOJICTBA AIJIEKTPO-
SHEPTUU C TIOMOUIBIO OEHTOCHOI'O MHKpPOOHOTO TOT-
JINBHOT'O 3JIEMEHTA [971, IJIOTHOCTh TOKa JJIsl HEro
cocraBmwia 87.71 mMA/m”. T. Huggins ¢ coaBropamu
[99] cunTE3UpOBaAT OMOYTOIb U3 OTXOAOB OT JIECOXO-
3STUCTBEHHOM NEATEIHHOCTH, MOJIyICHHAsS B MHKPOO-
HOM TOIUTUBHOM 3JIEMEHTE MOIIHOCTbH HPU 3TOM CO-
craBuia 457 MBt/M’.
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3AK/JIIOYEHHUE

JanbHelee COBEPUICHCTBOBAHHE W KOMMeEpIHa-
TU3AIUS  DIIEKTPOXUMHUYECKUX YCTPOHCTB TpeOyroT
peHTa0eNbHBIX, BO30OHOBISIEMBIX U 3KOJOTHUYECKH
YHCTBIX JJIEKTPOJHBIX MaTepuanoB. Kpome Toro,
3JIEKTPOJHBIE MaTepHajbl JODKHBI OTBEYAaTh LIEJIOMY
psany TpeOoBaHHIA, B TOM 4HUCIe OOJBIIOW YAETHHOM
TJIOMAAN TTOBEPXHOCTH, BBICOKOW ajcopOmmm, OBICT-
POMY IEPEHOCY HOHOB/3JIEKTPOHOB M PETYIHPYEMOMY
XUMHAYECKOMY COCTaBY MOBEPXHOCTH. AKTHBHPOBaH-
HBI yrojb o0JaJaeT BCEMH BBIIIEICPEUNCIICHHBIMU
cBoiicTBaMu. YTOOBI ONYyYUTh pEHTAOCIBHBIN TOPHUC-
TBIH yriepol, HeoOXOOUMO HCIONb30BaTh Marepua-
JIBI, KOTOpPBIE MMEIOT HHU3KYI0 CTOMMOCTH, HMPOCTOTY
00pabOTKH, IKOJOTMYHOCTh W HEOTPAHWYEHHBIN 3a-
nac. OIHUM U3 JIyYLNIMX BapHaHTOB, OTBEYAIOIINX
BCEM BBIICTICPEUNCIICHHBIM TPEOOBAHUSM, SIBISIETCS
UCIIOJIb30BaHWE OMOMAcChl B KayecTBE MPEKypCOpOB
aKTUBHUPOBAHHOTO YTJIS.

B GonpmMHCTBE YCTPOWCTB HAKOIUIEHHSI 3JIEKTPO-
SHEPIHH YIJICPOJ B TOM Wik MHOU (hopMe HeoOX0IuM
Ui o0ecredeHnsl 3JIEKTPONPOBOIHOCTH, MOCKOJIBKY
TpeOyeTcs JETKUH MepeHoC AICKTPOHOB B Halpaslie-
HUU TPAHUIBI pa3jiernia dJIEKTPOS — IJIEKTPOIUT. AK-
TUBUPOBAHHBIA YIOJNb BBIFOJICH H3-32 €r0 BBICOKOIi
MIOPUCTOCTH U XOPOLIEH 3JIEKTPOIPOBOJHOCTH. Bce
Oorplllee BHUMaHWE yAenseTcss Onomacce — B0300-
HOBJIIEMOMY, JIETKOJOCTYITHOMY, CTPYKTYPHO-TIOpH-
CTOMY, JACLIEBOMY M 3KOJIOTHUECKH 0€301acHOMY HC-
TOYHHUKY yriiepoaa. buomacca U3 JEeCHBIX pacTeHMH,
CEJIbCKOXO3SIMCTBEHHOW MPOAYKIUU U CEJIbCKOXO35M-
CTBEHHBIX OTXOZOB, IPOMBIIUIEHHBIX OTXOJ0B, OBITO-
BBIX OTXOJOB Y€ aKTHBHO WCTOJIB3YETCS ISl TPOU3-
BOJICTBa aKTUBUpOBaHHOro yris. IloaroroBka u mpo-
W3BOJICTBO aKTHBUPOBAHHOTO YIJISi OOBIYHO COCTOSIT
U3 drana KkapOooHusanuu npu temneparype ot 400 °C
10 850 °C B oTCyTCTBHE KHCIOPOJa M dTala akTHBa-
1IUH, B OOJBITMHCTBE CITydaeB C MCIOJIH30BAHUEM XH-
MHYECKOI'0 areHTa, AJIsl Pa3BUTHUS MIOPUCTOM CTPYKTY-
pBl. 3aTeM pabOTOCIIOCOOHOCTH AJIEKTPOXHUMHIECKIX
YCTPOKMCTB C 3MEKTPOAaMH, BHIITOJTHEHHBIMHU U3 TONY-
YEeHHOTO aKTUBHUPOBAHHOI'O YTJIsI, OI[EHUBAETCS METO-
JaMH 3JEKTPOXMMHUYECKOW HMMIIEIAaHCHOM CIIEKTpO-
CKOIHH, ITUKIMYECKON BOJbTaMIEPOMETPHUH, rajbBa-
HOCTaTU4ECKOro 3apsija-paspsana. Jis moBblIeHHS
3JIEKTPOHHOM TPOBOAMMOCTH B YIJIEPOAHBIA CKEJET
BBOJISIT PA3JIUYHBIC T'€TEPOATOMBI. AKTHBHPOBAHHBIH
YIo/b HCIOJIB3YETCSl B KadeCTBE 3JIEKTPOIOB B YCT-
pOMCTBaxX HAKOIUICHHSI SHEPTUH, TAKUX KaK MOHUCTO-
PBl, ICEBJOKOHIEHCATOPBI, THOPUAHBIE CYIIEPKOHACH-
CaTopBI.

Takum 00pa3oM, aKTMBUPOBAHHBIM YyTrojb, HOJIY-
YeHHBIH M3 OHMOMACCHI, OKazajcs MEpPCHEKTHBHBIM
KaHJIUIaTOM B KadecTBE DJJIEKTPOJHOTO Marepuala
Il BBICOKOI()(DEKTHBHBIX AJIEKTPOXUMHUYECKHX YCT-
poiicTB. B pe3ynbTaTe ydeHble NpUaraloT OrpoOMHbIE
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YCHJIUS Ul CHHTE3a INEpPEIOBbIX YTIEPOAHBIX MaTe-
pHAJIOB C MCIOJIb30BAHHEM OHMOMACCHI U3 CAMBIX Pa3-
HBIX MCTOYHHUKOB. OnHAaKo J1abOpaTOpHBIE TEXHOJIO-
TMA HEO0O0XOJIMMO MaciiTabupoBaTh Ul PaCIIMPEHHUS
o0nacTell MCHOIB30BAaHUS IOPUCTOrO YIJEepoia, Io-
JY4EHHOTO U3 OMOMAacCCHI.

Paboma evinonnena npu unancosoli nodoepaicke

Canxm-Ilemepbypeckoeo HayuHozo @oHnoa, 8 coomeemcm-
euu ¢ coenawernuem om 05.05.2023 2. Ne 23-26-10050,
u Poccutickozo nayumnozo ¢omnoa, coenacno coenautenuio
om 20.04.2023 2. Ne 23-26-10050, epanm Ne 23-26-10050.
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PRODUCTION OF ACTIVATED CARBON FROM BIOMASS
AS ELECTRODE MATERIAL FOR ELECTROCHEMICAL
DEVICES (REVIEW)

T. E. Kuleshova

Agrophysical Research Institute, Saint Petersburg, Russia

Activated carbon has excellent electrochemical characteristics such as a large specific surface area, fast
ion/electron transport, and adjustable surface chemistry, making it a promising candidate as an electrode materi-
al for electrochemical devices. Biomass from agricultural products and waste is a promising precursor for acti-
vated carbon production because it is widespread, renewable, easy to process, and environmentally friendly.
This review compares the electrode materials used for electrochemical devices, presents their advantages and
disadvantages, and also reveals the prospects for using carbon materials. Biomass of various compositions is
considered a promising electrode material. Data on the methods of obtaining activated carbon from biomass,
methods of its activation, and parameters for evaluating the effectiveness of electrode systems are presented.
Possible modifications of activated carbon that increase its conductivity are considered. In conclusion, a descrip-
tion of a wide range of suitable biomass sources and the possibility of their application in various electrochemi-
cal devices is given. Based on the data presented, it can be concluded that biomass-derived activated carbon
turned out to be a promising candidate as an electrode for highly efficient electrochemical devices.

Keywords: activated carbon, electrochemical devices, supercapacitor, plant material, green energy
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INTRODUCTION

Currently, humanity receives the bulk of its energy
through the use of fossil fuels — coal, oil, petroleum
products, and natural gas. However, such energy re-
sources are exhaustible and cause harm to the envi-
ronment due to air and ecosystem pollution. In this
regard, it is important to develop environmentally
friendly alternative renewable energy sources that can
partially satisfy the growing demand for global ener-
gy. One of these energy resources is biomass, and in
particular its processed products.

The development of advanced renewable and envi-
ronmentally friendly energy technologies is a solution
to a number of numerous environmental problems.
Recently, ionistors — electrochemical energy storage
devices that have both high power and high energy
intensity — have attracted increasing attention [1].
Compared to conventional capacitors, they have a
higher energy density due to the porous structure of
the electrodes and the energy storage mechanism. lo-
nistors are promising as a replacement for basic elec-
trochemical energy storage devices (batteries and ca-
pacitors) because they make green energy competitive
with fossil fuels.

Currently, research in this area is focused on the
development of new carbon materials with increased
porosity to provide stronger interaction between the
electrode material and electrolyte ions, and results in
higher specific capacitance.

Activated carbon is a porous substance that is ob-
tained from various carbon-containing materials of
organic origin. Activated carbon is predominantly
amorphous in nature, contains a large number of pores
(primarily due to production and processing), and
therefore has a developed specific surface per unit
mass, as a result of which it has a high adsorption ca-
pacity [2]. Among the currently used electrode mate-
rials, activated carbon has outstanding characteristics:
large specific surface area, high adsorption, highly
efficient ion/electron transfer, adjustable surface che-
mistry, availability, and low cost [3—5]. All this makes
it a promising candidate as an electrical conductor for
electrochemical devices.

The most common precursor in the production of
activated carbon is fossil fuels — oil and coal —make
its production expensive and unsafe for the environ-
ment. However, more and more attention is being paid
to obtaining activated carbon from biomass, which is
widespread, simple in processing, cheaper, easily ac-
cessible, renewable, environmentally friendly material
[6].

The purpose of this review is to summarize the
available data and identify prospects for using bio-
mass as a precursor for the production of activated
carbon for electrode systems in electrochemical de-
vices.

MATERIALS FOR ELECTRODES

Materials used as electrodes include conductive
polymers, metals, and porous carbon-containing com-
pounds such as activated carbon, carbon aerogels, and
nanotubes [7, 8]. Metals, transition metals, and syn-
thetic polymers are already widely used as electrode
materials for electrochemical devices. Moreover, each
of them has both advantages and disadvantages
(Tab. 1) [9-13].

Tab. 1. Advantages and disadvantages of various
electrode materials for electrochemical devices

USAGE OF BIOMASS

The International Union of Pure and Applied
Chemistry (IUPAC) defines biomass as material ob-
tained as a result of biological growth (of plants, mi-
croorganisms, animals) [14]. Carbon is the main com-
pound included in biomass [3]. The use of biomass as
a precursor in the production of electrodes is more
accessible, cheaper, and environmentally safe [6]
compared to the use of fossil fuels.

The use of by-products and agricultural waste
seems promising [15]. Wood [16], hogweed [17], cof-
fee bean waste [18], bagasse [18, 19], rice husk [19-
21], sunflower seed shells [22], peanut shells [20],
leaves [13], bacteria [23], fungi [24], pistachio shells
[25] and other stuff are used as precursors in the pro-
duction of activated carbon.

The final properties of carbon materials depend on
the type and composition of the biomass. One can ob-
tain structures of various dimensions from various
biomasses:

one-dimensional (1D) nanostructures (nanocrys-
tals, nanotubes, nanorods) from biomass with fibrous
(flax, ramie, bacterial cellulose) or tubular (cotton,
kapok, willow catkins) structures;

two-dimensional (2D) materials (in which sp’-
hybridized carbon atoms are connected by valence
bonds to three neighboring atoms) from rice, bougain-
villea flowers, silk, eggplant, biomass waste;

three-dimensional (3D) carbon materials (with in-
terconnected small and large pores) from sugarcane
bagasse, corn straw, garlic skin, sunflower seed shells
[26]. From biomass, it is possible to obtain activated
carbon of various sizes and structures [27]: porous
material with a pore size of less than 2 nm; biochar
doped with heteroatoms (such as nitrogen, phospho-
rus, or sulfur); biochar alloyed with metals; carbon
nanotubes with a diameter of 0.8 to 2 nm for single-
walled structures and 5-20 nm for multilayer struc-
tures.



OBTAINING ACTIVATED CARBON
FROM BIOMASS

The production of activated carbon usually consists
of two processes - carbonization and activation, which
can be carried out either as separate reactions, or
combined in one process [28].

Carbonation of the activated carbon precursor oc-
curs at low temperatures, usually from 400 °C to 850
°C, and in the absence of oxygen. The transformation
of organic matter is carried out in order to increase the
carbon content and create a porous structure. Carbona-
tion can be carried out using various methods:

1. Pyrolysis is the thermal decomposition of bio-
mass in an inert atmosphere to produce biochar, bio-
oil, and synthesis gas in the temperature range of 300—
900 °C. Slow pyrolysis is carried out at a low heating
rate (5—7 °C/min) for a long time (more than 1 h),
while fast pyrolysis is realized at a higher heating rate
(100-200 °C/min) in a shorter time [29]. The decom-
position of lignocellulosic biomass using slow pyroly-
sis leads to the production of a larger amount of bio-
char, while using rapid pyrolysis, more bio-oil is syn-
thesized [30].

2. Hydrothermal carbonization is used to burn
biomass with a high moisture content at lower tem-
peratures of 180-250 °C and a pressure range of 2—
10 MPa [31]. When the temperature increases to 250—
350 °C and pressure goes up to 10-30 MPa (hydro-
thermal liquefaction), charring decreases and the yield
of bio-oil increases [32].

3. Torrefaction (soft pyrolysis) — heat treatment of
biomass at 250-300 °C for 10—100 min [33].

4. Flash carbonization is performed at temperatures
up to 400 °C and elevated pressure with counteracting
air flow for a short time of 10—20 min [34].

Farma R. et al. [6] varied the carbonization tem-
perature when preparing activated carbon from fruit
fibers and showed that the combustion temperature
should be as close as possible to the activation tem-
perature because this leads to improved electrochemi-
cal characteristics of ionistors. The composition of the
biomass is important, as hemicellulose, cellulose and
lignin decompose during thermal treatment at differ-
ent rates and in different temperature ranges [35].
While lignin undergoes pyrolysis in a wide tempera-
ture range of 300-500 °C, the decomposition of hemi-
cellulose and cellulose occurs sharply and in a narrow
temperature range — 250-300 °C and 300-350 °C,
respectively [35].

In the traditional thermal decomposition method,
a heating element located around the material enables
the formation of a temperature gradient from the sur-
face to the interior of the combustion material, result-
ing in an uneven structure of activated carbon [36].
A possible solution to this problem is the use of mi-
crowave radiation [15]: microwaves interact directly

with particles inside the material, which ensures rapid
heating of the entire volume [37]. The use of micro-
wave radiation provides higher sintering temperatures,
selective heating, shorter processing times, and, there-
fore, greater energy savings [38]. The main parame-
ters characterizing the efficiency of carbonization in-
clude: radiation power (a continuous reaction does not
occur at low levels, while at higher levels porous
structure is destroyed, which in both cases leads to
a decrease in adsorption); exposure time (excessive
irradiation can lead to destruction of the micropore
structure), and oxygen content in the reaction volume
(removal of oxygen-containing functional groups con-
tributes to obtaining a more homogeneous material)
[37]. He X. et al. [21] showed that ionistors made on
the basis of mesoporous carbon obtained using mi-
crowave heating can achieve an energy density of
19.3 Wh/kg with a specific power of 1007 W/kg.

CARBON ACTIVATION

Activation is the process of converting carbon-
containing materials into activated carbon [28]. Acti-
vation is carried out at high temperatures, most often
with the addition of chemical agents, in order to de-
velop a porous structure and give coal the necessary
properties.

A number of different methods are used to activate
carbon:

1. Physical or thermal activation, in which the car-
bon-containing material is first carbonized at high
temperatures of 600-900 °C in an inert atmosphere,
such as nitrogen, to remove most of the hydrogen and
oxygen content and produce char with the desired po-
rosity [15]. The prepared char is then activated in the
presence of oxidizing gases, such as steam, carbon
dioxide, air, or mixtures of these gases, to produce
activated carbon [39].

2. Chemical activation consists of adding activat-
ing agents (KOH, ZnCl,, NaOH, K,CO;, H;PO, and
FeCl;) during the pyrolytic decomposition of the orig-
inal carbon-containing substances, which also act as
dehydrating agents, oxidizers, and suppress tar forma-
tion [15]. Chemical activation is a stepwise process in
which carbonization and activation occur simulta-
neously in the temperature range 300-950 °C, which
affects the combustion and leads to a good porous
structure [28]. For example, in the case of activation
using KOH, the following reactions occur [40—42]:

6KOH + 2C— 2K + 2K,CO; + 3H,, (1)
K2C03—>K20 + COQ, (2)
CO, + C—2CO, (3)
K>CO; +2C—2K + 3CO, (4)
K,O + C—2K + CO. (5)

3. During self-activation, gases released during the
carbonization of biomass are used, which allows the



reaction to produce activated carbon to be carried out
in one stage [3]. Inorganic substances present in bio-
mass can also be used for chemical self-activation
[43]. The disadvantage of self-activation is the diffi-
culty of controlling the process, the composition of
the gases released, and the resulting structure.

4. The use of templates (matrices): hard, such as si-
lica [44] or soft, using polymer reactions to give par-
ticles a special shape, for example, a sphere [45]. The
soft template does not require removal after activa-
tion, and the hard one is removed by alkaline washing.
In general, although using a template method can lead
to controlled porosity, the cost of this method is high.

Activated carbon, obtained by physical or chemical
activation methods, has a wide pore size distribution
[46]. Microporous carbon with pore sizes ranging
from 0.7 to 2 nm has been shown to exhibit high ca-
pacitive characteristics. [47]. In this case, the activa-
tion method or the chemical agent used, depending on
the type of biomass, plays an important role.

Inal LI.G. et al. [48] noted that activated carbon
obtained from tea waste using K,CO; showed much
better electrochemical parameters than that obtained
using H;PO, as a chemical agent. Activation of K,COs
led to a more uniform microporous structure of the
electrodes and fewer oxygen groups on the surface.
Jiang C. et al. [49] showed that the highest specific
capacity of 92.7 F/g at a current density of 100 mA/g
is achieved with low-temperature pyrolysis of biomass
followed by physical activation using CO, compared
with 80.9 F/g obtained by direct activation.

At the same time, it was noted in [50] that direct
activation with the agents KOH and H;PO, made it
possible to obtain the specific surface area of activated
carbon up to 1272 and 1373 m?/g, respectively.

METHODS FOR STUDYING CHARACTERISTICS
OF ACTIVATED CARBON

The electrochemical characteristics of electrodes
based on activated carbon are determined by the fol-
lowing methods:

1. Electrochemical impedance spectroscopy (EIS)
used to obtain the frequency characteristics of electro-
chemical batteries. According to the EIS, the capacity
Csp, can be calculated as follows [6]:

Co=—1/(nfi- 2y -m), (6)

where f; is the lowest frequency, Z is the imaginary
impedance at f;, and m is the mass of the electrode.

2. Cyclic voltammetry (CV), which records the
change in time of the current flowing through the sys-
tem under study when a voltage is applied to it, and
changes over time according to the law of the triangle.
Capacitance Cy, can be determined from voltammo-
grams according to the equation:

Co=21/ (S'm), (7)

where [ is the electric current, S is the scanning speed,
m is the mass of the electrode.

3. Galvanostatic charge-discharge (GCD), setting a
given current (charge or discharge) to record the rela-
tionship potential - time or potential - charge. The ca-
pacitance Cy, can be calculated using the GCD data
and the equation

Cyp =21/ (AV/ Afy m), (8)

where [ is the discharge current, AV is the voltage, At
is the discharge time, m is the mass of the electrode
[51], AV / At is calculated from the slope obtained by
fitting a straight line to the discharge curve from the
end of the voltage drop to the end of the discharge
process [52 ].

Coulomb efficiency is determined by the formula:
n=(Ta/T.) 100%, (€))

where Ty and 7. are the discharge time and charge
time, respectively [13].

Specific power (P) and specific energy (£) values
are calculated from GCD data using the equations,
respectively:

P=VI/m, (10)
E=VIt/m, (11)

where [ is the discharge current, V' is the voltage, ¢ is
the time [53].

The main indicators characterizing the effective-
ness of the resulting activated carbon as an electrode
material for electrochemical devices include the spe-
cific surface of adsorbents, surface area, and micro-
pore volumes (Tab. 2) [54].

Tab. 2. Parameters for assessing the effectiveness of
electrodes

MODIFICATIONS OF ACTIVATED CARBON

To improve the adsorption capacity of the surface
and the electronic conductivity of carbon, various he-
teroatoms can be introduced into the carbon skeleton
[55]. Cao H. and co-authors [56] showed that the
presence of O-functional groups has a significant im-
pact on the efficiency of electrochemical devices.
Wei T. et al. [52] synthesized porous carbon doped
with nitrogen and oxygen by hydrothermal treatment
of paper mulberry stem bark in the presence of KOH,
followed by simultaneous pyrolysis and activation of
KOH. Activated carbon was obtained with a very high
specific surface area of 1212 m%g, a large pore vo-



lume of 0.81 cm3/g, and electrodes based on it demon-
strated a high specific capacity of 320 F/g at 0.5 A/g.

Some studies [57] have shown the cost-
effectiveness of using silicon oxide SiO, to regulate
the porous structure of the carbon shell and improve
electrochemical properties, such as capacity and ser-
vice life.

Zhang Y. et al. [58] proposed a technology for
burning biomass and doping with silicon for the syn-
thesis of carbon composites with an ordered structure
of micropores and mesopores. The transformation of
the pore structure from disordered to ordered upon
doping with silicon was also noted in [58].

Changes in the pore structure can be explained by
the release of some primary gases (CO,, CO, CHy, H,)
at the stages of decomposition, repolymerization, cyc-
lization, and aromatization of coal precursors [58].

Cao L. et al. [55] demonstrated a simple and eco-
nomical one-step method using various nitrogen-
containing compounds (NH4Cl, (NH4),CO;, CH4N,O)
as an activating agent and a dopant to obtain nitrogen-
doped hierarchical porous carbon materials obtained
from biomass. The electrodes obtained using urea
provided a specific capacity of 300 F/g at 1 A/g and
an energy density of 14.3 Wh/kg.

Ding Z. et al. [59] suggested that the number of
functional groups is related to electrochemical stabili-
ty, and the presence of certain bonds (for example,
O-C=0 or C=0) induces a higher capacity of carbon
materials. ElImouwahidi A. et al. [60] concluded that
oxygen-rich activated carbon exhibits the lowest ca-
pacity (259 F/g at 125 mA/g) due to the presence of
surface carboxyl groups that prevent diffusion of the
electrolyte, and nitrogen-rich activated carbon results
in high capacitance (355 F/g at 125 mA/g) due to the
pseudo-capacitive effects of nitrogen functional
groups. Yang W. and co-authors [61], on the contrary,
revealed that electrochemical activity enlarged with
increasing oxygen content.

Based on this, we can conclude that surface func-
tional groups, including nitrogen, oxygen, and phos-
phorus can significantly enhance electrochemical
properties [8]. However, an increased number of func-
tional groups on the surface of the carbon electrode
can lead to irreversible redox reactions and changes in
structure and properties of activated carbon.

SOURCES OF BIOMASS

Biomass from forest plants, agricultural products
and waste, industrial and household waste is used to
produce activated carbon.

Fig. 1 shows the specific capacitances and specific
surface areas calculated per unit mass of electrode
material made from forest plants. It is interesting to
note that distinguished electrochemical characteristics
were obtained for different trees — the largest specific

surface area of 2821 m*/g was characteristic of con-
iferous firewood [62], and the specific capacity of 394
F/g — of willow [63]. The biomass charcoal activa-
tors were: H;PO4 or NaOH for rubber trees [64], KOH
for bamboo [65], tree resin [66], willow trees [63],
Japanese metaplexis (Metaplexis japonica (thunb.)
[67] and gas physical activation for coniferous fire-
wood [62].

Fig. 1. Specific capacity and surface area of elec-
trodes based on activated carbon obtained from the
biomass of forest plants: rubber tree [64], bamboo
[65], tree resin [66], coniferous firewood [62], wil-
low [63], Japanese metaplexis [67]

Characteristics of biomass precursors from agricul-
tural products and agricultural waste for the manufac-
ture of electrode materials for electrochemical devices
are presented in Fig. 2.

Fig. 2. Specific capacity and surface area of elec-
trodes based on activated carbon obtained from the
biomass of agricultural products and waste: onions
[63], sugarcane bagasse [72], potato waste [73], pea-
nut shells [74], corn stalk [76], jujube [68], palm oil
[6], coffee bean waste [18], peanut flour [21], soy-
bean [70], sunflower seed shells [22], rice straw [71],
camellia oleifera shell [75], corn grains [69], argan
seed shells [60], apricot kernels [46]

The highest specific capacity was obtained for
electrodes based on jujube and peanut flour —
499 F/g [68] and 525 F/g [21], respectively. The max-
imum specific surface area of activated carbon was
characteristic of corn grains — 3199 mz/g [69]. The
following activators were used: KOH for onions [63],
jujube [68], palm oil [6], soybeans [70], sunflower
seed shells [22], rice straw [71], corn grains [69], ar-
gan seed shells [60]; microwave irradiation and ZnCl,
for sugarcane bagasse [72], peanut flour [21]; ZnCl,
for potato waste [73], coffee bean waste [18], peanut
shells [74], camellia oleifera shell [75]; gas flow for
corn stalks [76] and NaOH for apricot kernels [46].

The characteristics of activated carbon precursors
from industrial waste biomass are presented in Fig. 3.

The largest specific surface of 2841 m?*/g and
a maximum specific capacity of 340 F/g were ob-
tained for activated carbon based on waste from tea
production [13]. The following activating agents were
used: KOH — for recycled waste paper [77], cow
dung [78], tea leaf waste [13], tobacco rods [79];
ZnCl, — for sugarcane bagasse [18]; pyrolysis — for
newspaper waste [80]; ultrasound — for shrimp shells



[81]; HNO; — for waste paper [82]; CO, — for rub-
ber wood sawdust [83]; gas — for apple pulp [83].

Fig. 3. Specific capacity and surface area of elec-
trodes based on activated carbon obtained from in-
dustrial waste biomass: sugarcane bagasse [18],
newspaper waste [80], shrimp shells [81], recycled
waste paper [77], waste paper [82], rubber wood
sawdust [83], cow dung [78], tea leaf waste [13],
tobacco rods [79], apple pulp [83]

The characteristics of activated carbon precursors
from household waste biomass are presented i in Fig. 4.
The largest specific surface area of 1352 m’/g was
characteristic of activated carbon based on cassava
peel [84], and a specific capacity of 368 F/g was cha-
racteristic of waste coffee grounds [18]. The following
activating agents were used: CaO — for palm kernel
shells and eggshells [85]; self-activation — for coco-
nut shells [86]; ZnCl, —for coffee grounds waste [18];
KOH + CO, with H,SO, surface treatment — for cas-
sava peel [84]; pyrolysis — for eggshells [57];
H;BO; — for tea waste [87].

Fig. 4. Specific capacity and surface area of elec-
trodes based on activated carbon obtained from the
household waste biomass: palm kernel shells and
eggshells [851, coconut shells [86], coffee grounds
waste [18], cassava peels [84], eggshells [57], waste
tea [87]

Thus, one of the largest specific surface areas of
activated carbon was obtained using corn grains as
precursors [69], and the largest specific capacitance of
electrodes for electrochemical devices was characte-
ristic of peanut flour [21].

USING BIOMASS FOR VARIOUS
ELECTROCHEMICAL DEVICES

Activated carbon is used as a material for the man-
ufacture of electrodes for energy-storing devices, such
as capacitors with an electrical double layer, pseudo-
capacitors, asymmetric and hybrid capacitors.

Ionistors are electrochemical cells consisting of
electrodes and an electrolyte between them, and are
promising electrical energy storage devices for appli-
cations requiring high energy density, reliability, max-
imum power, long service life, long-term stability,
small dimensions, low cost, fast discharge/charging,
low heating level, safety. [6]. For the manufacture of
energy storage devices, carbon materials themselves
can act as electrodes or serve as substrates for the at-

tachment of heteroatoms (O, N, H, etc.), capable of
increasing electrochemical characteristics [8].

It was found [21] that ionistors made from meso-
porous carbon from biomass such as peanut shells and
rice husks have a high energy density of 19.3 Wh/kg
and a high power density of 1007 W/kg due to the
unique mesopore structure.

Wang K. et al. [88] achieved a specific capacitance
of 340 F/g, a high specific surface capacitance of 52.7
mF/cm” at a current density of 0.1 A/g and good cyc-
lic stability (preservation of 92% capacity for 3000
cycles) for ionistors with electrodes based on acti-
vated carbon obtained from the biomass of willow
catkins. Yu M. et al [89] developed a cost-effective
method for producing porous carbon from cattail bio-
mass — freshly prepared actlvated carbon had a high
specific surface area of 441.12 m*/g after CO, activa-
tion and demonstrated good electrochemical characte-
ristics as electrodes for ionistors — a specific capacit-
ance of 126.5 F/g at a current density of 0.5 A/g in the
potential range from 1.0 to 0 V using 6 M KOH solu-
tion as an electrolyte. Taer E. et al. [90], using the
biomass of Syzygium oleana leaves, created the struc-
ture of nanosheets, similar to a flower, decorated with
nanofibers, which made it possible to increase the sur-
face area of activated carbon from 216 m%g to
1218 m*/g and regulate the size of the mesopores.

It has been shown that high specific capacitance up
to 791 F/g can be achieved using electrodes made of
carbon nanofiber obtained from bamboo doped with
a polymer (polyaniline) [91]. It is important to note
that doped carbon nanofiber made from bamboo bio-
mass can store more energy (791 F/g) than an elec-
trode made from inorganic materials such as graphene
(117 F/g) [92], ruthenium (200 F/g) [93], cobalt
(475 F/g) [94], nickel (153 F/g) [95] and manganese
(482 F/g) [96].

Biomass-based electrodes are also used in the de-
velopment of microbial fuel cells. Yaqoob A.A. et al.
[97] studied the use of a lignin-graphene anode de-
rived from oil palm. The lignin-based anode showed
a power density of 0.020 mW/m2 with a current den-
sity of 17.54 mA/m2. Hung Y.H. et al. [98] showed
that activated carbon from coffee waste can be used as
a material to form the anode in Escherichia coli mi-
crobial fuel cells the power density of which reaches
3927 mW/m*. A graphene polyaniline nanocomposite
anode obtained from cellulosic biomass was used for
the removal of toxic metals and combined power gen-
eration using a benthic mlcroblal fuel cell [97], its
current density was 87.71 mA/m®. Huggins T. and co-
authors [99] synthesmed biochar from forestry waste,
the power obtained in a microbial fuel cell was
457 mW/m’.



CONCLUSION

Further improvement and commercialization of
electrochemical devices require cost-effective, renew-
able, and environmentally friendly electrode mate-
rials. In addition, electrode materials must meet a va-
riety of requirements, including a large specific sur-
face area, high adsorption, rapid ion/electron transfer,
and controlled surface chemistry. Activated carbon
has all of the above properties. To obtain cost-
effective porous carbon, it is necessary to use mate-
rials that are low cost, easy to process, environmental-
ly friendly, and have an unlimited supply. One of the
best options that meets all the above requirements is
the use of biomass as a precursor to activated carbon.

In most electrical energy storage devices, carbon in
one form or another is necessary for electrical conduc-
tivity since it requires the easy transfer of electrons
towards the electrode-electrolyte interface. Activated
carbon is beneficial due to its high porosity and good
electrical conductivity. Increasing attention is being
paid to biomass - a renewable, easily accessible, struc-
turally porous, cheap, and environmentally friendly
source of carbon. Biomass from forest plants, agricul-
tural products and agricultural waste, industrial waste,
and household waste is already actively used for the

production of activated carbon. The preparation and
production of activated carbon typically consist of
a carbonization step at temperatures ranging from
400 °C to 850 °C in the absence of oxygen and an ac-
tivation step, in most cases using a chemical agent, to
develop a porous structure. Then, the performance of
electrochemical devices with electrodes made from
the obtained activated carbon is assessed using the
methods of electrochemical impedance spectroscopy,
cyclic volt-amperometry, and galvanostatic charge-
discharge. To increase electronic conductivity, various
heteroatoms are introduced into the carbon skeleton.
Activated carbon is used as an electrode in energy
storage devices such as ionistors, pseudocapacitors,
and hybrid supercapacitors.

Thus, activated carbon obtained from biomass has
proven to be a promising candidate as an electrode
material for high-performance electrochemical devic-
es. As a result, scientists are putting enormous effort
into synthesizing advanced carbon materials using
biomass from a wide variety of sources. However,
laboratory technologies need to be scaled up to ex-
pand the areas of use of porous carbon obtained from
biomass.



