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Â íàñòîÿùåå âðåìÿ ýëåêòðîôîðåòè÷åñêîå îñàæäåíèå — îäèí èç íàèáîëåå àêòóàëüíûõ òåõ-

íîëîãè÷åñêèõ ìåòîäîâ ïîëó÷åíèÿ ýëåêòðîïðîâîäÿùèõ ìàòåðèàëîâ. Ñ åãî ïîìîùüþ âïåð-

âûå ïîëó÷åíû ýëåêòðîïðîâîäÿùèå ìàòåðèàëû íà îñíîâå óãëåðîäíûõ âîëîêîí (ÓÂ) ñ èñ-

ïîëüçîâàíèåì îêñèäà ãðàôåíà (ÃÎ) è íàíî÷àñòèö ñåðåáðà, îáëàäàþùèå ïîâûøåííûìè

ýëåêòðîïðîâîäíîñòüþ, ïîâåðõíîñòíîé àêòèâíîñòüþ, ôèçè÷åñêèìè è ìåõàíè÷åñêèìè ñâîé-

ñòâàìè. Öåëü ðàáîòû — èññëåäîâàíèå óãëåðîäíûõ ýëåêòðîïðîâîäÿùèõ òåêñòèëüíûõ ìà-

òåðèàëîâ è ðàçðàáîòêà ñïîñîáà èõ ïîëó÷åíèÿ ìåòîäîì ýëåêòðîôîðåòè÷åñêîãî îñàæäåíèÿ

îêñèäà ãðàôåíà ñ èñïîëüçîâàíèåì ãàëüâàíè÷åñêîãî îñàæäåíèÿ èç ýëåêòðîëèòà íàíî÷àñòèö

ñåðåáðà. Ýëåêòðîôîðåòè÷åñêîå îñàæäåíèå âûïîëíÿëè ñ øàãîì 1 ñì ïðè ïîñòîÿííîì íàïðÿ-

æåíèè 160 Â â òå÷åíèå 20, 40 è 60 ñ. Ðåçóëüòàòû ÈÊ-ñïåêòðîñêîïèè ïîêàçàëè, ÷òî ÷àñòèöû

ÃÎ çàêðåïèëèñü íà óãëåðîäíûõ òåêñòèëüíûõ ìàòåðèàëàõ. Ïîëó÷åííûå òàêèì îáðàçîì

óãëåðîäíûå ìàòåðèàëû (ÓÂ/ÃÎ/Í× Ag/60) îáðàçóþò íîâóþ ñòðóêòóðó ñ íåñêîëüêèìè ñëîÿ-

ìè îêñèäà ãðàôåíà è íàíî÷àñòèö ñåðåáðà. Ïðè ýòîì îòëîæåíèå ÃÎ ïîâûøàåò øåðîõîâà-

òîñòü ïîâåðõíîñòè ÓÂ, ÷òî ñïîñîáñòâóåò óëó÷øåíèþ ñìà÷èâàåìîñòè è àäãåçèè ìàòåðèàëà.

Àíàëèç ñïåêòðîâ, ïîëó÷åííûõ ìåòîäîì ðåíòãåíîâñêîé ôîòîýëåêòðîííîé ñïåêòðîñêîïèè,

ïîêàçàë, ÷òî ó ÓÂ ïðîèçîøëè çíà÷èòåëüíûå èçìåíåíèÿ â ýíåðãèè ñâÿçè âîçáóæäåííûõ

ôîòîýëåêòðîíîâ. Ïî ñðàâíåíèþ ñ èñõîäíûìè ÓÂ ó íèõ ôèêñèðîâàëè óâåëè÷åíèå äîëè

ñåðåáðà è êèñëîðîäà, à îòíîøåíèå óãëåðîäà ê êèñëîðîäó óìåíüøèëîñü. Ïðåäëîæåííàÿ ìå-

òîäèêà ïîçâîëèëà ïîëó÷èòü óãëåðîäíûå òåêñòèëüíûå ìàòåðèàëû ñ ïîêàçàòåëÿìè ýëåêòðî-

ïðîâîäíîñòè, â 2,5 ðàçà ïðåâûøàþùèìè èñõîäíûå. Ââåäåíèå íàíî÷àñòèö ñåðåáðà ñïîñîá-

ñòâîâàëî çàïîëíåíèþ ïîâåðõíîñòíûõ òðåùèí â âîëîêíàõ. Âîçðàñòàíèå äîëè âîññòàíîâëåí-

íîãî ÎÃ ïîçâîëèëî çíà÷èòåëüíî ïîâûñèòü øåðîõîâàòîñòü ïîâåðõíîñòè, ýëåêòðîïðîâîä-

íîñòü, ïîâåðõíîñòíóþ ýíåðãèþ è óëó÷øèòü ýêðàíèðóþùèå ñâîéñòâà óãëåðîäíûõ òåêñòèëü-

íûõ ìàòåðèàëîâ (çíà÷åíèÿ ýôôåêòèâíîñòè ýêðàíèðîâàíèÿ ó ïîëó÷åííûõ ìàòåðèàëîâ íà

24,4 % âûøå, ÷åì ó èñõîäíûõ ÓÂ). Â ïåðñïåêòèâå ïîäîáíûå ýëåêòðîïðîâîäÿùèå ìàòåðèà-

ëû ìîæíî áóäåò ñ óñïåõîì èñïîëüçîâàòü â òåõíè÷åñêèõ òåêñòèëüíûõ èçäåëèÿõ.
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Electrophoretic deposition is currently one of the most relevant technological methods for production of

electrically conductive materials. In the work, the method of electrophoretic deposition obtained Elec-

trically conductive materials based on carbon fibers (CF) have been obtained for the first time by electro-
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phoretic deposition using graphene oxide (GO) and silver nanoparticles. The obtained materials exhibit

increased electrical conductivity, surface activity, and enhanced physical and mechanical properties. The

purpose of the study is development of the methods for producing electrically conductive carbon textile

materials by electrophoretic deposition of graphene oxide using galvanic deposition of silver nanoparticles

from an electrolyte. Electrophoretic deposition was performed in 1 cm increments and at a constant volt-

age of 160 V during 20, 40, and 60 sec. Infrared spectroscopy data showed that GO particles are fixed on

carbon textile materials. The carbon textile materials (CF/GO/NP Ag/60) thus obtained formed a new

structure with several layers of graphene oxide and silver nanoparticles. The CF deposition increases the

surface roughness of the hydrocarbon and thus improving the wettability and adhesion. An analysis of the

spectra obtained by X-ray photoelectron spectroscopy for CF showed significant changes in the binding en-

ergy and the energy of excited photoelectrons. Compared with the initial hydrocarbons, the obtained car-

bon materials exhibited an increased content of silver and oxygen, whereas carbon to oxygen ratio de-

creased. The developed technique allowed us to obtain carbon textile materials with high electrical con-

ductivity being 2.5 as much the original CF. Introduction of the silver nanoparticles contributes to filling

of the surface cracks in CF. An increase in the share of reduced graphene oxide can significantly increase

the surface roughness, electrical conductivity, surface energy and improve the screening properties of car-

bon textile materials. The effectiveness of screening in the obtained materials is 24.4 % higher than that

in the initial CF which expands the potentiality of their application in novel technical textile products of

the future.

Keywords: electrically conductive materials; graphene oxide; silver nanoparticles; carbon fiber; textile

materials; electrophoretic deposition.

Ââåäåíèå

Íà ñåãîäíÿøíèé äåíü â ñâÿçè ñ ðîñòîì ýëåê-

òðîìàãíèòíîãî çàãðÿçíåíèÿ îêðóæàþùåé ñðåäû,

âûçâàííîãî èñïîëüçîâàíèåì ïåðñîíàëüíûõ êîì-

ïüþòåðîâ, ìîáèëüíûõ òåëåôîíîâ è äð., áîëüøóþ

àêòóàëüíîñòü ïðèîáðåòàåò ïðîèçâîäñòâî ýëåêòðî-

ïðîâîäÿùèõ òåêñòèëüíûõ ìàòåðèàëîâ è âîëîêîí

[1, 2]. Îäèí èç òåõíîëîãè÷åñêèõ ìåòîäîâ ïîëó÷å-

íèÿ òàêèõ ìàòåðèàëîâ — ýëåêòðîôîðåòè÷åñêîå

îñàæäåíèå, ïðåäñòàâëÿþùåå ñîáîé íàïðàâëåííîå

äâèæåíèå çàðÿæåííûõ ÷àñòèö äèñïåðñíîé ôàçû

ñóñïåíçèè â ýëåêòðè÷åñêîì ïîëå, èõ àãðåãèðîâà-

íèå â ïðèýëåêòðîäíîì ïðîñòðàíñòâå è ãåòåðîêîà-

ãóëÿöèþ íà ïîâåðõíîñòè ýëåêòðîäà [3].

Ãëàâíîå ïðåèìóùåñòâî ýëåêòðîôîðåòè÷åñêî-

ãî îñàæäåíèÿ — óëó÷øåíèå ôóíêöèîíàëüíûõ

ñâîéñòâ èñõîäíûõ ìàòåðèàëîâ â ãîòîâûõ èçäåëè-

ÿõ. Ìåòîä øèðîêî ïðèìåíÿþò â ïðîìûøëåííî-

ñòè òàêæå áëàãîäàðÿ ðàâíîìåðíîìó ïîêðûòèþ

ðàçëè÷íûõ ìàòåðèàëîâ ëþáîé ôîðìû ñ îòíîñè-

òåëüíî âûñîêîé ñêîðîñòüþ, âîçìîæíîñòè åãî àâ-

òîìàòèçàöèè è êîíòðîëÿ ïðîöåññà. Ïðè ýòîì çà-

òðàòû ñóùåñòâåííî íèæå ïî ñðàâíåíèþ ñ äðóãè-

ìè òåõíîëîãèÿìè. Îäíàêî ýëåêòðîôîðåòè÷åñêèå

ïîêðûòèÿ ñ çàäàííûìè ôóíêöèîíàëüíûìè ñâîé-

ñòâàìè, íåîáõîäèìîé ñòðóêòóðîé, àäãåçèåé è

ïðî÷íîñòüþ ñïîñîáíû îáðàçîâûâàòüñÿ ëèøü ïðè

îïòèìàëüíîì ñîîòíîøåíèè ñâîéñòâ ñóñïåíçèè è

ðåæèìà îñàæäåíèÿ [4].

Ìàòåðèàëû ìåòîäîì ýëåêòðîôîðåòè÷åñêîãî

îñàæäåíèÿ íàíîñÿò ëèáî ïðè ïîñòîÿííîì íàïðÿ-

æåíèè, ëèáî ïðè ïîñòîÿííîì òîêå. Ïðîöåññ õà-

ðàêòåðèçóåòñÿ òîëùèíîé è ðàâíîìåðíîñòüþ ïî-

êðûòèÿ, îòíîøåíèåì ìàññû ïîêðûòèÿ ê êîëè÷å-

ñòâó ýëåêòðè÷åñòâà, ïîøåäøåãî íà åãî îáðàçîâà-

íèå (óñëîâíûì âûõîäîì ïî òîêó), âûõîäîì îñàä-

êà, ïðèõîäÿùåãîñÿ íà åäèíèöó ïîâåðõíîñòè.

Ýëåêòðîôîðåòè÷åñêîå îñàæäåíèå ìèêðî- è íàíî-

ñòðóêòóðèðîâàííûõ ìàòåðèàëîâ íà âñåâîçìîæ-

íûå ïîäëîæêè øèðîêî èñïîëüçóþò â ðàçëè÷íûõ

îáëàñòÿõ ìàòåðèàëîâåäåíèÿ [5]. Ýëåêòðîîñàæäå-

íèå èç äèñïåðñèé îñóùåñòâëÿþò ïóòåì ïåðåíîñà

÷àñòèö â íåïîäâèæíîé æèäêîé ñðåäå ê îäíîìó èç

ýëåêòðîäîâ — àíîäó èëè êàòîäó [6 – 11].

Öåëü ðàáîòû — èññëåäîâàíèå óãëåðîäíûõ

ýëåêòðîïðîâîäÿùèõ òåêñòèëüíûõ ìàòåðèàëîâ è

ðàçðàáîòêà ñïîñîáà èõ ïîëó÷åíèÿ ìåòîäîì ýëåê-

òðîôîðåòè÷åñêîãî îñàæäåíèÿ îêñèäà ãðàôåíà

ñ èñïîëüçîâàíèåì ãàëüâàíè÷åñêîãî îñàæäåíèÿ èç

ýëåêòðîëèòà íàíî÷àñòèö ñåðåáðà.

Ìåòîäû, ìàòåðèàëû, îáîðóäîâàíèå

Ýëåêòðîïðîâîäÿùèå ìàòåðèàëû, îáëàäàþùèå

ïîâûøåííûìè ýëåêòðîïðîâîäíîñòüþ, ïîâåðõ-

íîñòíîé àêòèâíîñòüþ, ôèçè÷åñêèìè è ìåõàíè÷å-

ñêèìè ñâîéñòâàìè, ïîëó÷àëè ìåòîäîì ýëåêòðî-

ôîðåòè÷åñêîãî îñàæäåíèÿ îêñèäà ãðàôåíà è ãàëü-

âàíè÷åñêîãî îñàæäåíèÿ èç ýëåêòðîëèòà íàíî-

÷àñòèö ñåðåáðà.

Óãëåðîäíûå âîëîêíà (ÓÂ) c óíèêàëüíûìè

ôèçèêî-ìåõàíè÷åñêèìè è ýëåêòðîôèçè÷åñêèìè

ñâîéñòâàìè (õèìè÷åñêîé è òåðìè÷åñêîé ñòîéêî-

ñòüþ, âûñîêèìè òåïëîïðîâîäíîñòüþ è áèîëîãè-

÷åñêîé èíåðòíîñòüþ, íèçêîé ïëîòíîñòüþ, îòëè÷-

íûìè òåïëîèçîëÿöèîííûìè ñâîéñòâàìè, ñòîé-

êîñòüþ ê èçëó÷åíèþ (ðàäèàöèîííîìó), ñîðáöèîí-

íîé ñïîñîáíîñòüþ) [12] è ìàòåðèàëû íà èõ îñíîâå

(íèòè, òêàíè) îáëàäàþò öåëûì ðÿäîì ïðåèìó-

ùåñòâ, êîòîðûå ïîçâîëÿþò èõ èñïîëüçîâàòü â ñà-

ìûõ ðàçíûõ ñôåðàõ è îáëàñòÿõ ñîâðåìåííîé ïðî-

ìûøëåííîñòè. Ñîðáöèîííî-àêòèâíûå ñâîéñòâà

óãëåðîäíûõ òåêñòèëüíûõ ìàòåðèàëîâ (ñ ïîðèñòîé

ñòðóêòóðîé) äàþò âîçìîæíîñòü ïðèìåíÿòü èõ ïðè

ïðîèçâîäñòâå ñðåäñòâ èíäèâèäóàëüíîé çàùèòû,
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âîçäóøíûõ è âîäÿíûõ ôèëüòðîâ äëÿ î÷èñòêè âîç-

äóõà è ïèòüåâîé âîäû îò ðàçëè÷íûõ âèäîâ çà-

ãðÿçíåíèé [13, 14].

Äèñïåðñèþ îêñèäà ãðàôåíà (ÃÎ) [15, 16] ïî-

ëó÷àëè ïóòåì óëüòðàçâóêîâîé îáðàáîòêè îáðàçöà

ÃÎ ñ ïîñëåäóþùèì öåíòðèôóãèðîâàíèåì è îòäå-

ëåíèåì îñàäêà. Ââåäåíèå ÃÎ â òåêñòèëüíûé ìà-

òåðèàë ïðèâîäèò ê óâåëè÷åíèþ øåðîõîâàòîñòè

ïîâåðõíîñòè è êîëè÷åñòâà àêòèâíûõ ôóíêöèî-

íàëüíûõ ãðóïï.

Íàíî÷àñòèöû ñåðåáðà (äèàìåòð — 10 ± 2 íì)

ñèíòåçèðîâàëè ïóòåì âîññòàíîâëåíèÿ íèòðàòà

ñåðåáðà ãëþêîçîé. Îíè ñïîñîáñòâîâàëè ôóíêöèî-

íàëèçàöèè ÓÂ (íèòåé) è îáëàäàëè âûñîêîé ýëåê-

òðî- è òåïëîïðîâîäíîñòüþ. Êðîìå òîãî, íàëè÷èå

ñåðåáðà ïîçâîëÿëî çàïîëíèòü ïîâåðõíîñòíûå òðå-

ùèíû â ÓÂ.

Èñõîäíûå ÓÂ êèïÿòèëè â îáðàòíîì õîëîäèëü-

íèêå â àöåòîíå â òå÷åíèå 24 ÷. Óñòðîéñòâî äëÿ

ýëåêòðîôîðåçà ñîåäèíÿëè ñ ïðîâîäÿùèìè ïîä-

ëîæêàìè. Â ðîëè êàòîäà èñïîëüçîâàëè óãëåðîä-

íûå òåêñòèëüíûå ìàòåðèàëû, àíîäà — òðóáêó èç

íåðæàâåþùåé ñòàëè, â êà÷åñòâå ýëåêòðîëèòîâ —

íèòðàò ñåðåáðà (AgNO3) è ïîëèâèíèëïèððîëè-

äîí. Êîíöåíòðàöèÿ AgNO3 ñîñòàâëÿëà 8 ììîëü/ë,

ìîëüíîå îòíîøåíèå ïîëèâèíèëïèððîëèäîíà ê

AgNO3 â ýëåêòðîëèòå — 3:1. Ýëåêòðîîñàæäåíèå

ïðîâîäèëè ïðè ïîñòîÿííîì íàïðÿæåíèè 30 Â

(øàã — 1 ñì, âðåìÿ îñàæäåíèÿ — 20 – 60 ñ). ÓÂ

ñ íàíî÷àñòèöàìè ñåðåáðà ïðîìûâàëè âîäîé è îñ-

òàâëÿëè íà âîçäóõå â òå÷åíèå 24 ÷.

ÃÎ (êîíöåíòðàöèÿ — 0,2 ìã/ìë) íàíîñèëè íà

ÓÂ ñ íàíî÷àñòèöàìè ñåðåáðà ìåòîäîì ýëåêòðî-

ôîðåòè÷åñêîãî îñàæäåíèÿ. Ëèñòû ÃÎ ïðè ýòîì

ïîëó÷àëè ïîëîæèòåëüíûé çàðÿä. ÃÎ äèñïåðãèðî-

âàëè óëüòðàçâóêîì â èçîïðîïèëîâîì ñïèðòå. Âîñ-

ñòàíîâëåííûé ÃÎ ïîâûøàë óäåëüíóþ ïëîùàäü

ïîâåðõíîñòè ÓÂ è ýëåêòðîïðîâîäíîñòü âîëîêîí.

Ýëåêòðîôîðåòè÷åñêîå îñàæäåíèå (ÓÂ ñ íàíî-

÷àñòèöàìè ñåðåáðà — êàòîä, òðóáêà èç íåðæàâå-

þùåé ñòàëè — àíîä) âûïîëíÿëè ñ øàãîì 1 ñì

ïðè ïîñòîÿííîì íàïðÿæåíèè 160 Â â òå÷åíèå 20,

40 è 60 ñ. Ìîäèôèöèðîâàííûå ÓÂ î÷èùàëè â èç-

áûòêå âîäû è èçîïðîïèëîâîãî ñïèðòà è âû-

äåðæèâàëè íà âîçäóõå â òå÷åíèå 24 ÷. Ïðîöåññ

îòâåðæäåíèÿ ïðîõîäèë â òå÷åíèå 2 ÷ ïðè 90, 110

è 130 °C. Ïîëó÷åííûå ìîäèôèöèðîâàííûå ÓÂ

ìàðêèðîâàëè ñîîòâåòñòâåííî ÓÂ/ÃÎ/Í× Ag/20,

ÓÂ/ÃÎ/Í× Ag/40 è ÓÂ/ÃÎ/Í× Ag/60.

Îáñóæäåíèå ðåçóëüòàòîâ

Õèìè÷åñêóþ ñòðóêòóðó ïîêðûâàþùåãî ñëîÿ

èññëåäîâàëè ìåòîäàìè ÈÊ ñïåêòðîñêîïèè. Äëÿ

ïîëó÷åíèÿ ñïåêòðîâ èñïîëüçîâàëè ÈÊ-Ôóðüå

ñïåêòðîìåòð IFS 66v/S (ñïåêòðàëüíûé äèàïà-

çîí — 50 – 7500 ñì–1, ïðåäåëüíîå ñïåêòðàëüíîå

ðàçðåøåíèå — 0,25 ñì–1, òî÷íîñòü îïðåäåëåíèÿ

âîëíîâûõ ÷èñåë — 0,01 ñì–1).

Íà ðèñ. 1 ïðåäñòàâëåíû ñïåêòðû èñõîäíîãî è

ìîäèôèöèðîâàííîãî ÓÂ ñ ðàçëè÷íûìè ïèêàìè

ïîãëîùåíèÿ. Ïî ñðàâíåíèþ ñ èñõîäíûìè âîëîê-

íàìè îñîáåííîñòü ÓÂ/ÃÎ/Í× Ag/60 — ïîÿâëåíèå

ìèíèìóìîâ ïðè 1020 è 1235 ñì–1, ïî-âèäèìî-

ìó, ñâÿçàííûõ ñ ðàñòÿæåíèåì C–O–C. Ìèíèìóì

ïðè 1375 ñì–1 âûçâàí ðàñòÿæåíèåì ñëîæíîýôèð-

íîé ãðóïïû (COO–), ìèíèìóìû ïðè 1625 è

1720 ñì–1 — ðàñòÿæåíèåì –COOH è êàðáîíèëü-

íîé ãðóïïû (C=O). Ìèíèìóì ïðè 3360 ñì–1 ïðè-

õîäèòñÿ íà âàëåíòíóþ âèáðàöèþ –OH, ÷òî ñâèäå-

òåëüñòâóåò î çàêðåïëåíèè ÷àñòèö ÃÎ íà ÓÂ.

Ïîâåðõíîñòíóþ òîïîãðàôèþ ÓÂ àíàëèçèðî-

âàëè ìåòîäîì ñêàíèðóþùåé ýëåêòðîííîé ìèêðî-

ñêîïèè (ÑÝÌ) ñ èñïîëüçîâàíèåì ñêàíèðóþùåãî

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2019. Òîì 85. ¹ 12 35

Âîëíîâîå ÷èñëî, ñì–1
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2

Ðèñ. 1. ÈÊ-ñïåêòðû èñõîäíîãî ÓÂ (1) è ÓÂ/ÃÎ/Í× Ag/60

(2)

Fig. 1. IR spectra: 1 — initial CF; 2 — CF/GO/NP Ag/60

à á

â ã

Ðèñ. 2. Ðåçóëüòàòû ÑÝÌ (à, á) è ÀÑÌ (â, ã) äëÿ îáðàçöîâ

èñõîäíîãî ÓÂ è ÓÂ/ÃÎ/Í× Ag/60 ñîîòâåòñòâåííî

Fig. 2. SEM (a, b) and AFM (c, d) data for the samples of

CF and CF/GO/NP Ag/60, respectively



ýëåêòðîííîãî ìèêðîñêîïà FEI Quanta 200. Äëÿ

àòîìíî-ñèëîâîé ìèêðîñêîïèè (ÀÑÌ) ïðèìåíÿëè

ìèêðîñêîï NTEGRA Prima.

Íà ðèñ. 2 ïðèâåäåíû ðåçóëüòàòû ÑÝÌ è ÀÑÌ

èñõîäíîãî ÓÂ è ÓÂ/ÃÎ/Í× Ag/60. Âèäíî, ÷òî â òî-

ïîãðàôèè ïîâåðõíîñòè îáðàçöîâ èìåþòñÿ çíà÷è-

òåëüíûå ðàçëè÷èÿ. Òàê, èñõîäíîå âîëîêíî èìååò

îòíîñèòåëüíî ãëàäêóþ è ÷èñòóþ ïîâåðõíîñòü ñ

íåñêîëüêèìè óçêèìè êàíàâêàìè. Ñòðóêòóðà ïîëó-

÷åííîãî ÓÂ/ÃÎ/Í× Ag/60 âêëþ÷àåò íåñêîëüêî

ñëîåâ ÃÎ è íàíî÷àñòèö ñåðåáðà, ïîâåðõíîñòü õà-

ðàêòåðèçóåòñÿ ïîâûøåííîé øåðîõîâàòîñòüþ.

Ìîðôîëîãèÿ ïîâåðõíîñòè îáðàçöîâ òàêæå ñó-

ùåñòâåííî ðàçëè÷àåòñÿ. Åñëè ó èñõîäíûõ ÓÂ îíà

ãëàäêàÿ, òî øåðîõîâàòàÿ ïîâåðõíîñòü ÓÂ/ÃÎ/Í×

Ag/60 ïîêðûòà âûïóêëîñòÿìè (âûñòóïàþùèìè

÷àñòèöàìè ÃÎ). Òàêèì îáðàçîì, îòëîæåíèå ÃÎ

ïîâûøàåò øåðîõîâàòîñòü ïîâåðõíîñòè ÓÂ, ÷òî

ñïîñîáñòâóåò óëó÷øåíèþ ñìà÷èâàåìîñòè è àäãå-

çèè ìàòåðèàëà.

Êîëè÷åñòâåííûé àíàëèç õèìè÷åñêîãî ñîñòà-

âà (ïîâåðõíîñòè ÓÂ) ïðîâîäèëè ñ ïîìîùüþ ðåíò-

ãåíîâñêîé ôîòîýëåêòðîííîé ñïåêòðîñêîïèè

(ÐÔÝÑ). Äëÿ ýòîãî èñïîëüçîâàëè AXIS Ultra

DLD, îáúåäèíÿþùèé èììåðñèîííóþ ëèíçó, ñèñ-

òåìó êîìïåíñàöèè çàðÿäà, àíàëèçàòîð ñî ñôåðè-

÷åñêèì çåðêàëîì è ïîëóñôåðè÷åñêèé àíàëèçàòîð.

Íà ðèñ. 3 ïðåäñòàâëåíû ÐÔÝÑ-ñïåêòðû íåêî-

òîðûõ ýëåìåíòîâ íà ïîâåðõíîñòè ÓÂ, ïîêàçûâàþ-

ùèå èçìåíåíèÿ â ýíåðãèè ñâÿçè âîçáóæäåííûõ

ôîòîýëåêòðîíîâ. Ïî ñðàâíåíèþ ñ èñõîäíûì âî-

ëîêíîì ó ÓÂ/ÃÎ/Í× Ag/60 íàáëþäàëè óâåëè÷å-

íèå äîëè ñåðåáðà è êèñëîðîäà, à îòíîøåíèå óãëå-

ðîäà ê êèñëîðîäó, íàïðîòèâ, óìåíüøèëîñü.

Òåðìîãðàâèìåòðè÷åñêèé àíàëèç (ñì. ðèñ. 3)

ïðîâîäèëè íà îáîðóäîâàíèè TGA/DSC. Ôèêñèðî-

âàëè ïîòåðþ ìàññû (îêîëî 2,8 %) â äèàïàçîíå

200 – 600 °C, ÷òî îáúÿñíÿåòñÿ ðàçëîæåíèåì ãðóïï

àìèäíûõ ñâÿçåé.

Çàâèñèìîñòè ýëåêòðîïðîâîäíîñòè è ýôôåê-

òèâíîñòè ýêðàíèðîâàíèÿ îò ÷àñòîòû ïðèâåäåíû

íà ðèñ. 4. Âèäíî, ÷òî ñ óâåëè÷åíèåì âðåìåíè

ýëåêòðîîñàæäåíèÿ ýëåêòðîïðîâîäíîñòü ðàñòåò. Ó

ÓÂ/ÃÎ/Í× Ag/60 îíà äîñòèãàåò 9,58 Ñì/ì ïðè

÷àñòîòå 10 ÃÃö, ÷òî â 2,5 ðàçà áîëüøå, ÷åì ó èñ-

õîäíîãî ÓÂ. Ýòî ñâÿçàíî ñ òåì, ÷òî ââåäåíèå âîñ-

ñòàíîâëåííîãî ÃÎ è íàíî÷àñòèö ñåðåáðà óëó÷øà-

åò äèñïåðñèþ è óâåëè÷èâàåò ýëåêòðîïðîâîäÿùèå

ñâîéñòâà âîëîêîí è òåêñòèëüíûõ ìàòåðèàëîâ.

Óâåëè÷åíèå âðåìåíè îñàæäåíèÿ ïðèâîäèò

òàêæå ê ïîâûøåíèþ ýôôåêòèâíîñòè ýêðàíèðîâà-
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Fig. 3. XPS (a) and TGA (b): 1 — CF; 2 — CF/GO/NP Ag/60
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Ðèñ. 4. ×àñòîòíûå çàâèñèìîñòè ýëåêòðîïðîâîäíîñòè (à) è ýôôåêòèâíîñòè ýêðàíèðîâàíèÿ (á) äëÿ îáðàçöîâ èñõîäíîãî ÓÂ

(1), ÓÂ/ÃÎ/Í× Ag/20 (2), ÓÂ/ÃÎ/Í× Ag/40 (3) è ÓÂ/ÃÎ/Í× Ag/60 (4)

Fig. 4. Frequency dependence of the conductivity (a) and screening efficiency (b) for the samples of CF (1), CF/GO/NP Ag/20

(2), CF/GO/NP Ag/40 (3), CF/GO/NP Ag/60 (4)



íèÿ. Îòìåòèì, ÷òî ó ÓÂ/ÃÎ/Í× Ag/60 îíà ñîñòàâ-

ëÿåò 42,59 äÁ ïðè 10,0 ÃÃö, ÷òî íà 24,4 % áîëü-

øå, ÷åì ó ÓÂ/ÃÎ/Í× Ag/20 (32,2 äÁ). Òàêèì îáðà-

çîì, âîññòàíîâëåííûé ÃÎ íà ïîâåðõíîñòè ÓÂ ñ

ïîñëåäóþùèì óâåëè÷åíèåì âðåìåíè îñàæäåíèÿ

ñïîñîáñòâóåò çíà÷èòåëüíîìó óëó÷øåíèþ ýêðàíè-

ðóþùèõ ñâîéñòâ âîëîêîí.

Çàêëþ÷åíèå

Ïðîâåäåííûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî ìå-

òîä ýëåêòðîôîðåòè÷åñêîãî îñàæäåíèÿ ÃÎ è íàíî-

÷àñòèö ñåðåáðà ïîçâîëÿåò ïîëó÷àòü âîëîêíà è

òåêñòèëüíûå ìàòåðèàëû íà èõ îñíîâå ñ ïîâûøåí-

íûìè ïîêàçàòåëÿìè ýëåêòðîïðîâîäíîñòè (â 2,5

ðàçà áîëüøå, ÷åì ó èñõîäíûõ ìàòåðèàëîâ). Îäíî-

âðåìåííî çà ñ÷åò íàíåñåíèÿ ÃÎ è íàíî÷àñòèö ñå-

ðåáðà ìåíÿåòñÿ õàðàêòåð ïîâåðõíîñòè è õèìè÷å-

ñêèé ñîñòàâ âîëîêîí, ÷òî îòðàæàåòñÿ â ñóùåñò-

âåííîì ðîñòå øåðîõîâàòîñòè è ïîâåðõíîñòíîé

ýíåðãèè ìàòåðèàëîâ. Êðîìå òîãî, ââåäåíèå íàíî-

÷àñòèö ñåðåáðà ñïîñîáñòâóåò çàïîëíåíèþ ïîâåðõ-

íîñòíûõ òðåùèí è ïîâûøåíèþ ïðåäåëà ïðî÷íî-

ñòè. Ìîäèôèöèðîâàííûå ÓÂ îáëàäàþò òàêæå âû-

ñîêîé òåðìîñòîéêîñòüþ.
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