
Â ïîñëåäíåå âðåìÿ íàáëþäàåòñÿ ñòðåìèòåëüíîå

ðàçâèòèå èññëåäîâàíèé â îáëàñòè äâóìåðíûõ (2D)

ìàòåðèàëîâ, ñðåäè êîòîðûõ îñîáîå ìåñòî çàíèìàåò

ãðàôåí, ÷òî îáóñëîâëåíî åãî óíèêàëüíûìè ýëåêòðîí-

íûìè, îïòè÷åñêèìè, ìåõàíè÷åñêèìè è äð. ñâîé-

ñòâàìè [1—3]. Ãðàôåí è ìàòåðèàëû íà åãî îñíîâå

ïåðñïåêòèâíû äëÿ öåëîãî ðÿäà ïðèìåíåíèé, â ÷àñò-

íîñòè ýëåêòðîíèêè [4, 5], îïòîýëåêòðîíèêè [6, 7],

ñåíñîðèêè [8], íîâåéøèõ ýëåêòðîäíûõ ìàòåðèàëîâ [9]

è äð., ÷òî ñòèìóëèðóåò ðàçðàáîòêó íîâûõ è ñîâåðøåí-

ñòâîâàíèå ñóùåñòâóþùèõ ñïîñîáîâ èõ ïîëó÷åíèÿ, à

òàêæå ïîèñê âîçìîæíîñòè öåëåíàïðàâëåííîãî ðåãó-

ëèðîâàíèÿ èõ ôóíêöèîíàëüíûõ ñâîéñòâ.

Îäíèì èç íàèáîëåå ýôôåêòèâíûõ ìåòîäîâ ïîëó-

÷åíèÿ ãðàôåíîâ â çíà÷èòåëüíûõ êîëè÷åñòâàõ ÿâëÿþò-

ñÿ õèìè÷åñêèå [10] èëè ýëåêòðîõèìè÷åñêèå [11].

Îäíàêî â ïåðâîì ñëó÷àå, êîãäà ïðåêóðñîðîì ãðàôåíà

ÿâëÿåòñÿ îêñèä ãðàôåíà, êðàéíå òðóäíî äîáèòüñÿ ïîë-

íîãî âîññòàíîâëåíèÿ óãëåðîäà, à âî âòîðîì — ñó-

ùåñòâóåò ïðîáëåìà óäàëåíèÿ êîìïîíåíò ýëåêòðîëèòà,

à ïîëó÷àåìûå ìàòåðèàëû ÷àñòî èìåþò ìíîãîñëîéíóþ

ìîðôîëîãèþ. Àëüòåðíàòèâîé óêàçàííûì ìåòîäàì ÿâ-

ëÿåòñÿ ïîëó÷åíèå ãðàôåíà ïóòåì æèäêîôàçíîé ýêñ-

ôîëèàöèè ãðàôèòà [12]. Íî â ýòîì ñëó÷àå ïðèãî-

òîâëåíèå ñòàáèëüíûõ âîäíûõ äèñïåðñèé âîçìîæíî

òîëüêî ïðè ïîìîùè ïîâåðõíîñòíî-àêòèâíûõ âåùåñòâ,

à â îðãàíè÷åñêèõ ðàñòâîðèòåëÿõ ñðåäíåå ÷èñëî ñëîåâ

â íàíî÷àñòèöàõ ãðàôåíà áîëüøå òðåõ [13].

Ðàíåå íàìè ïîêàçàíî, ÷òî óñòîé÷èâûå âîäíûå

äèñïåðñèè ãðàôåíîâ ìîæíî ïîëó÷àòü ïîñðåäñòâîì

æèäêîôàçíîé ýêñôîëèàöèè ãðàôèòà, íàíîñòðóêòóðè-

ðîâàííîãî ìåõàíîõèìè÷åñêèì ñïîñîáîì [14—16]. Â

ýòèõ ðàáîòàõ ñäåëàíî ïðåäïîëîæåíèå î òîì, ÷òî

óñòîé÷èâîñòü ïîëó÷åííûõ âîäíûõ äèñïåðñèé òàêèõ

ãðàôåíîâ ìîæåò áûòü îáóñëîâëåíà íàëè÷èåì êèñ-

ëîðîäñîäåðæàùèõ ôóíêöèîíàëüíûõ ãðóïï íà ïî-

âåðõíîñòè óãëåðîäíûõ íàíî÷àñòèö, êîëè÷åñòâåííîãî

àíàëèçà êîòîðûõ, îäíàêî, ïðåäñòàâëåíî íå áûëî. Â

ñâÿçè ñ ýòèì öåëüþ íàñòîÿùåé ðàáîòû áûëî âûÿñ-

íåíèå ñòåïåíè îêèñëåíèÿ è ïðèðîäû êèñëîðîä-

ñîäåðæàùèõ ãðóïï íàíîñòðóêòóðèðîâàííîãî ãðàôèòà

è ðåçóëüòèðóþùåãî ãðàôåíà â óñëîâèÿõ ìåõàíîõè-
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îòñóòñòâèå è â ïðèñóòñòâèè ñòåõèîìåòðè÷åñêèõ êî-

ëè÷åñòâ ñåðíîé êèñëîòû, èçó÷åíèå ñòðîåíèÿ ïîëó÷åí-

íûõ ãðàôåíîâ è èõ ýëåêòðîõèìè÷åñêîé àêòèâíîñòè.
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ìåõàíîõèìè÷åñêîé îáðàáîòêå ãðàôèòà. Óñòàíîâëåíî, ÷òî ëàòåðàëüíûé ðàçìåð ïðåèìóùå-

ñòâåííî ìîíîñëîéíûõ ÷àñòèö òàêèõ ãðàôåíîâ ñîñòàâëÿåò 100—500 íì è óìåíüøàåòñÿ ñ

óâåëè÷åíèåì ñòåïåíè îêèñëåíèÿ. Ïîêàçàíî íàëè÷èå íà ïîâåðõíîñòè ïîëó÷åííûõ ãðàôåíîâ
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íàíîñòðóêòóðèðîâàííîãî ãðàôèòà ñ êèñëîðîäîì âîçäóõà è âîäîé. Óñòàíîâëåíî, ÷òî ïåðâè÷íàÿ

âûñîêàÿ óäåëüíàÿ ðàçðÿäíàÿ åìêîñòü îêñèäà ãðàôåíà ñíèæàåòñÿ ïðè öèêëèðîâàíèè çàðÿ-

äà-ðàçðÿäà âñëåäñòâèå íåîáðàòèìîñòè ïðîöåññîâ âîññòàíîâëåíèÿ êèñëîðîäñîäåðæàùèõ ãðóïï è

ñòàáèëèçèðóåòñÿ íà óðîâíå 90 À·÷/êã.
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Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Ìåõàíîõèìè÷åñêîå ïîëó÷åíèå ãðàôåíà (Gr) ñ

èñïîëüçîâàíèåì Na
2
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4
â êà÷åñòâå ðàññëàèâàþ-

ùåãî àãåíòà. Ñóõóþ ñìåñü ìèêðî÷åøóåê ãðàôèòà

(¹ 043480, «Alfa Aesar») è Na
2
SO

4
ìåõàíîõèìè÷åñêè

îáðàáàòûâàëè â àãàòîâîì ðàçìîëüíîì ñòàêàíå ïëà-

íåòàðíîé øàðîâîé ìåëüíèöû [16]. Ïîñëå îáðàáîòêè

íåîðãàíè÷åñêóþ ñîëü óäàëÿëè èç ïðîäóêòà ïðîìûâ-

êîé äèñòèëëèðîâàííîé âîäîé, çàòåì ðåçóëüòèðóþ-

ùèé íàíîñòðóêòóðèðîâàííûé ìàòåðèàë îáðàáàòû-

âàëè ïðè ïîìîùè óëüòðàçâóêà (ÓÇ) â âîäå. Ñòà-

áèëüíûå äèñïåðñèè Gr â âîäå ïîëó÷àëè ïîñëå î÷èñòêè

äèñïåðñèé ïóòåì öåíòðèôóãèðîâàíèÿ â òå÷åíèå 3 ÷,

èñïîëüçóÿ óñêîðåíèå 1000g.

Ìåõàíîõèìè÷åñêîå ïîëó÷åíèå ÷àñòè÷íî îêèñ-

ëåííîãî ãðàôåíà (OGr) ñ èñïîëüçîâàíèåì KMnO
4

â êà÷åñòâå ðàññëàèâàþùåãî àãåíòà. Ñóõóþ ñìåñü

ìèêðî÷åøóåê ãðàôèòà è KMnO
4

â ìîëüíîì ñîîòíî-

øåíèè 1 : 3 ìåõàíîõèìè÷åñêè îáðàáàòûâàëè àíàëî-

ãè÷íûì îáðàçîì [14]. Ïðîäóêò îáðàáîòêè ïðîìûâàëè

ñîëÿíîé êèñëîòîé è âîäîé äëÿ óäàëåíèÿ íåæåëà-

òåëüíûõ èîíîâ, ïîëó÷åííûé íàíîñòðóêòóðèðîâàííûé

ìàòåðèàë äèñïåðãèðîâàëè â âîäå ïîä äåéñòâèåì ÓÇ, à

ðåçóëüòèðóþùèå äèñïåðñèè OGr î÷èùàëè ïóòåì

öåíòðèôóãèðîâàíèÿ.

Ìåõàíîõèìè÷åñêîå ïîëó÷åíèå îêñèäà ãðàôåíà

(GO) â ïðèñóòñòâèè KMnO
4

è ñåðíîé êèñëîòû. Ê

ñìåñè ãðàôèòà è KMnO
4

äîáàâëÿëè ñòåõèîìåòðè÷å-

ñêîå êîëè÷åñòâî êîíöåíòðèðîâàííîé ñåðíîé êèñëîòû

è ìåõàíîõèìè÷åñêè îáðàáàòûâàëè. Ïîëó÷åííûé

íàíîñòðóêòóðèðîâàííûé ãðàôèò çàòåì î÷èùàëè ïðè

òåõ æå óñëîâèÿõ, ÷òî è ïðè ïîëó÷åíèè OGr [15].

Ñèíòåçèðîâàííûé òàêèì îáðàçîì ìàòåðèàë áûñòðî

íàáóõàë â âîäå è îáðàçîâûâàë ïðè âñòðÿõèâàíèè

óñòîé÷èâóþ äèñïåðñèþ GO áåç ïðèìåíåíèÿ ÓÇ.

Äëÿ ìåõàíîõèìè÷åñêîé îáðàáîòêè âî âñåõ ñëó÷àÿõ

ïðèìåíÿëè ïëàíåòàðíóþ øàðîâóþ ìåëüíèöó «Pul-

verisette 6» («Fritsch»). Îáðàáîòêà äëèëàñü 1 ÷ ïðè

ñêîðîñòè âðàùåíèÿ ìåëüíèöû 300 îá/ìèí. Îòíî-

øåíèå ìàññû øàðîâ ê ìàññå çàãðóçêè ñîñòàâëÿëî

20 : 1, ìàññû ãðàôèòà ê ìàññå ñîëè — 1 : 40.

Êîíöåíòðàöèè ïîëó÷åííûõ äèñïåðñèé îïðåäåëÿëè

ãðàâèìåòðè÷åñêèì ìåòîäîì, èñïîëüçóÿ àíàëèòè÷å-

ñêèå âåñû, òî÷íîñòü êîòîðûõ 10
–5

ã. Ýëåìåíòíûé

àíàëèç ïðîâîäèëè íà óñòàíîâêå «Carlo Erba 1106».

Èçîáðàæåíèÿ íàíî÷àñòèö ñèíòåçèðîâàííûõ ìàòåðèà-

ëîâ ïîëó÷åíû ïðè ïîìîùè ýëåêòðîííîãî ìèêðîñêîïà

ÏÝÌ 125K («SELMI»), ðàáîòàþùåãî ïðè ïîòåíöèàëå

100 êÂ. Ïðè ýòîì îáðàçöû íàíîñèëè íà àìîðôíóþ

óãëåðîäíóþ ïëåíêó, ïîêðûâàþùóþ ïîäëîæêó èç

ìåäíîé ñåòêè. Àòîìíî-ñèëîâóþ ìèêðîñêîïèþ (ÀÑÌ)

íàíîìàòåðèàëîâ ïðîâîäèëè íà ïðèáîðå «NanoScope

IIIa» ñåðèè «Dimension 3000TM» («Digital ²nstru-

ments»), ïðè ýòîì îáðàçöû áûëè ïðèãîòîâëåíû â âèäå

òîíêèõ ïëåíîê íà ïîâåðõíîñòè ñâåæåñêîëîòîé ñëþ-

äû. Ïðîôèëè ïîïåðå÷íîãî ñå÷åíèÿ ïîëó÷àëè ïðè

ïîìîùè ïðîãðàììû WSxM 4.0. Ñïåêòðû ïîãëîùåíèÿ

äèñïåðñèé ãðàôåíà â âèäèìîé è ÓÔ-îáëàñòÿõ

ðåãèñòðèðîâàëè ñ èñïîëüçîâàíèåì ñïåêòðîôîòîìåòðà

4802 («UNICO») â äèàïàçîíå äëèí âîëí 200—1000 íì

ñ ðàçðåøåíèåì 2 íì. Ðåíòãåíîâñêèå ôîòîýëåêòðîííûå

ñïåêòðû ðåãèñòðèðîâàëè ïðè ïîìîùè XPS-9200

(«JEO») ñ àëþìèíèåâûì àíîäîì (10 êÂ, 15 ìÀ).

Ýëåêòðîïðîâîäíîñòü (�) ïîëó÷åííûõ îáðàçöîâ

èçìåðÿëè ñòàíäàðòíûì ÷åòûðåõçîíäîâûì ìåòîäîì, à

èññëåäîâàíèÿ èõ ýëåêòðîõèìè÷åñêèõ ñâîéñòâ ïðî-

âîäèëè â ìàêåòàõ ëèòèåâûõ àêêóìóëÿòîðîâ òèïà

CR2016, ñáîðêó êîòîðûõ îñóùåñòâëÿëè â ñóõîì

ïåð÷àòî÷íîì áîêñå â àòìîñôåðå àðãîíà. Ïîëîæè-

òåëüíûé ýëåêòðîä ñ çàãðóçêîé 10 ìã/ñì
2

ñîñòîÿë èç

àêòèâíîãî êîìïîíåíòà, àöåòèëåíîâîé ñàæè â êà÷åñòâå

ýëåêòðîïðîâîäÿùåé äîáàâêè è ïîëèìåðíîãî ñâÿ-

çóþùåãî â ìàññîâîì ñîîòíîøåíèè 75 : 15 : 10. Â

êà÷åñòâå îòðèöàòåëüíîãî ýëåêòðîäà èñïîëüçîâàëè

ìåòàëëè÷åñêèé ëèòèé. Ýëåêòðîëèò ïðåäñòàâëÿë ñîáîé

ðàñòâîð 1 Ì LiClO
4

â ñìåñè ýòèëåíêàðáîíàò/äè-

ìåòèëêàðáîíàò (1 : 1 îá.); ñîäåðæàíèå âîäû â

ýëåêòðîëèòå íå ïðåâûøàëî 10 ìëí
–1

. Öèêëèðîâàíèå

çàðÿäà-ðàçðÿäà â èíòåðâàëå ïîòåíöèàëà 4,5—1,5 Â

îòí. Li/Li
+

îñóùåñòâëÿëè ïðè ïîìîùè êîìïüþòåðè-

çèðîâàííîãî ñòåíäà.

Ðåçóëüòàòû è îáñóæäåíèå

Â ðåçóëüòàòå ïðîâåäåííûõ èññëåäîâàíèé óñòàíîâ-

ëåíî, ÷òî ïîëó÷åííûå íàìè íàíîðàçìåðíûå ìàòåðèà-

ëû ñïîñîáíû îáðàçîâûâàòü äîñòàòî÷íî ñòàáèëüíûå

âîäíûå äèñïåðñèè. Ïðè ýòîì êîíöåíòðàöèÿ äèñïåð-

ñèè Gr ñîñòàâëÿëà 0,12 ìã/ìë, OGr — 0,25 ìã/ìë,

GO — 1,0 ìã/ìë.

Õèìè÷åñêèé ñîñòàâ ìåõàíîõèìè÷åñêè ïîëó÷åííûõ

óãëåðîäíûõ ìàòåðèàëîâ îöåíèâàëè ïðè ïîìîùè ýëå-

ìåíòíîãî àíàëèçà. Óñòàíîâëåíî, ÷òî çíà÷åíèå îòíî-

øåíèÿ êîëè÷åñòâà àòîìîâ óãëåðîäà ê àòîìàì êèñëî-

ðîäà (C/O) óìåíüøàåòñÿ ïðè ïåðåõîäå îò Gr (C/O = 8)
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4

Ýëåêòðîïðîâîäíîñòü îáðàçöîâ óãëåðîäíûõ ìàòåðèà-

ëîâ, èñïîëüçîâàííûõ äëÿ ïîëó÷åíèÿ äèñïåðñèé Gr,

OGr è GO

Óãëåðîäíûé ìàòåðèàë �, Îì
–1

�ñì
–1

Èñõîäíûé ãðàôèò 625

Gr 44

OGr 35

GO —



ê OGr (C/O = 7), ÷òî ñâèäåòåëüñòâóåò îá óâåëè÷åíèè

ñòåïåíè îêèñëåíèÿ ïðè îáðàáîòêå ãðàôèòà â ïðè-

ñóòñòâèè ñóõîãî îêèñëèòåëÿ KMnO
4

(ïî ñðàâíåíèþ ñ

õèìè÷åñêè èíåðòíîé ñîëüþ). Íàèìåíüøåå çíà÷åíèå

C/O, êîòîðîå ïî÷òè ñîâïàäàåò äëÿ GO, ñèíòåçèðî-

âàííîãî ïî ìåòîäó Õàììåðñà [17], ïîëó÷åíî íàìè äëÿ

îáðàçöà GO (C/O = 1,2), ÷òî ïîäòâåðæäàåò âûñîêóþ

ñòåïåíü åãî îêèñëåíèÿ.

Ñëåäóåò îòìåòèòü, ÷òî äëÿ íàíîñòðóêòóðèðîâàí-

íîãî óãëåðîäíîãî ìàòåðèàëà, ïîëó÷åííîãî ïîñëå ìå-

õàíîõèìè÷åñêîé îáðàáîòêè â ïðèñóòñòâèè èíåðòíîé

íåîðãàíè÷åñêîé ñîëè (Na
2
SO

4
), çíà÷åíèå C/O óìåíü-

øàåòñÿ ïî ñðàâíåíèþ ñ èñõîäíûì ãðàôèòîì (C/O =

58), ÷òî ìîæåò áûòü âûçâàíî âçàèìîäåéñòâèåì

äåôåêòîâ, âîçíèêàþùèõ â ñòðóêòóðå ãðàôèòà â

ïðîöåññå åãî ìåõàíîõèìè÷åñêîé îáðàáîòêè ñ âîäîé è

êèñëîðîäîì âîçäóõà ñ îáðàçîâàíèåì êèñëîðîäñîäåð-

æàùèõ ãðóïï.

Íàìè ïðîâåäåíû èçìåðåíèÿ ýëåêòðîïðîâîäíîñòè

(�) òàáëåòèðîâàííûõ îáðàçöîâ íàíîñòðóêòóðèðîâàí-

íûõ óãëåðîäíûõ ìàòåðèàëîâ, ïîëó÷åííûõ ïîñëå ñîîò-

âåòñòâóþùåé ìåõàíîõèìè÷åñêîé îáðàáîòêè â ïðè-

ñóòñòâèè Na
2
SO

4
(Gr), KMnO

4
(OGr), KMnO

4
ñ

äîáàâëåíèåì H
2
SO

4
(GO). Êàê âèäíî èç ïðèâåäåííûõ

â òàáëèöå äàííûõ, ýëåêòðîïðîâîäíîñòü îáðàçöîâ Gr

óìåíüøàåòñÿ ïðè ïåðåõîäå îò èñõîäíîãî ïîðîøêà

ãðàôèòà ê ìåõàíîõèìè÷åñêè ðàññëîåííûì ìàòåðèà-

ëàì, ÷òî ìîæåò áûòü ñâÿçàíî c óìåíüøåíèåì ðàç-

ìåðîâ ÷àñòèö ãðàôèòà, îáðàçîâàíèåì äåôåêòîâ â åãî

ñòðóêòóðå. Ìåíüøåå çíà÷åíèå ýëåêòðîïðîâîäíîñòè

OGr ïî ñðàâíåíèþ ñ Gr âûçâàíî ÷àñòè÷íûì îêèñ-

ëåíèåì ãðàôèòà â ïðîöåññå «ñóõîé» ìåõàíîõèìè-

÷åñêîé îáðàáîòêè ñ KMnO
4
. GO íå ïðîâîäèò ýëåê-

òðè÷åñêèé òîê, ÷òî õîðîøî ñîãëàñóåòñÿ ñ âûñîêîé

ñòåïåíüþ åãî îêèñëåíèÿ.

Ìåòîäàìè òðàíñìèññèîííîé ýëåêòðîííîé (ÒÝÌ) è

àòîìíî-ñèëîâîé (ÀÑÌ) ìèêðîñêîïèè íàìè èññëåäî-

âàíî ñòðîåíèå ÷àñòèö Gr, OGr è OG â ïîëó÷åííûõ

äèñïåðñèÿõ. Ðåçóëüòàòû ÒÝÌ ïðèâåäåíû íà ðèñ. 1.

Êàê âèäíî èç ðèñóíêà, ðàçìåð ëèñòîâ Gr ñîñòàâëÿåò

100—500 íì, â äèñïåðñèè OGr ÷àñòèöû èìåþò ëà-

òåðàëüíûé ðàçìåð â äèàïàçîíå 50—200 íì, OG —

20—50 íì. Òàêèì îáðàçîì, íàáëþäàåòñÿ òåíäåíöèÿ ê

óìåíüøåíèþ ïðîäîëüíûõ ðàçìåðîâ ïîëó÷åííûõ ãðà-

ôåíîâûõ ëèñòîâ ïîñëåäîâàòåëüíî îò Gr ê OGr è GO,

÷òî ìîæåò áûòü ñâÿçàíî ñ óâåëè÷åíèåì ñòåïåíè îêèñ-

ëåíèÿ îáðàçöîâ, ò. å. ïðè îáðàáîòêå ãðàôèòà â ïðè-

ñóòñòâèè îêèñëèòåëÿ ïðîèñõîäèò íå òîëüêî ÷àñòè÷-

íîå ðàññëîåíèå è óìåíüøåíèå ðàçìåðîâ ãðàôèòîâûõ

÷àñòèö, íî è èõ îêèñëåíèå, êîòîðîå òàêæå ìîæåò ïðè-

âîäèòü ê äîïîëíèòåëüíûì ðàçëîìàì è óìåíüøåíèþ

ðàçìåðà ãðàôåíîâûõ ëèñòîâ.

Ðåçóëüòàòû ÀÑÌ ïðèâåäåíû íà ðèñ. 2. Ïðîôèëè

ïîïåðå÷íîãî ñå÷åíèÿ ÀÑÌ èçîáðàæåíèé ãðàôåíîâûõ

÷àñòèö ïîçâîëèëè óñòàíîâèòü òîëùèíó ëèñòîâ Gr

0,6 íì, OGr 0,7—1,0 íì, GO 1,0 íì, ÷òî ñîîòâåòñòâóåò

çíà÷åíèÿì òîëùèíû ìîíîñëîéíûõ ëèñòîâ ãðàôåíî-

âûõ ìàòåðèàëîâ, êîòîðûå ïîëó÷àëè â ðàáîòàõ

Âëèÿíèå ïðèðîäû ðàññëàèâàþùèõ àãåíòîâ
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Ðèñ. 1. ÒÝÌ-èçîáðàæåíèÿ ÷àñòèö Gr (à), OGr (á) è GO (â).

Ðèñ. 2. ÀÑÌ-èçîáðàæåíèÿ ÷àñòèö Gr (à), OGr (á) è GO (â).

à á â

à á â



[18—20] äðóãèìè ìåòîäàìè. Ñðàâíåíèå ñòåïåíè

îêèñëåíèÿ ìåõàíîõèìè÷åñêè ïîëó÷åííûõ îáðàçöîâ

ãðàôåíà íàìè ïðîâåäåíî òàêæå ïðè ïîìîùè ñïåêòðî-

ñêîïèè â ÓÔ- è âèäèìîé îáëàñòè è ðåíòãåíîâñêîé

ôîòîýëåêòðîííîé ñïåêòðîñêîïèè (ÐÔÑ). Â ðåçóëü-

òàòå ïðîâåäåííûõ èññëåäîâàíèé óñòàíîâëåíî, ÷òî

ìàêñèìóì ïîãëîùåíèÿ â ÓÔ-âèäèìûõ ñïåêòðàõ

ïîëó÷åííûõ âîäíûõ äèñïåðñèé ñäâèãàåòñÿ îò 260 äî

230 íì, ÷òî ñâèäåòåëüñòâóåò î ðîñòå ñòåïåíè

îêèñëåíèÿ ïðè ïåðåõîäå îò Gr ê OGr è GO (ðèñ. 3).

Äëÿ âîäíîé äèñïåðñèè Gr ìàêñèìóì ïîãëîùåíèÿ

íàáëþäàåòñÿ â îáëàñòè 260 íì, â îòëè÷èå îò çíà÷åíèÿ

(270 íì), õàðàêòåðíîãî äëÿ íåîêèñëåííûõ ãðàôåíîâ

[18]. Îäíàêî òàêîå ñìåùåíèå ìîæåò áûòü îáóñëîâ-

ëåíî íå òîëüêî ÷àñòè÷íûì îêèñëåíèåì Gr, íî è

âëèÿíèåì ðàñòâîðèòåëÿ: â ñïåêòðå òîãî æå îáðàçöà Gr

â äèìåòèëôîðìàìèäå ìàêñèìóì ïîãëîùåíèÿ íàáëþ-

äàåòñÿ â îáëàñòè 270 íì [16]. Â ñïåêòðå ïîãëîùåíèÿ

GO ïðèñóòñòâóåò õàðàêòåðíàÿ äëÿ GO, êîòîðûé ïî-

ëó÷àþò ìåòîäîì Õàììåðñà èëè åãî ìîäèôèêàöèÿìè

[17], ïîëîñà â îáëàñòè 230 íì ñ ïëå÷îì â îáëàñòè

300 íì, êîòîðîå ñîîòâåòñòâóåò n—�*-ïåðåõîäàì â

êèñëîðîäñîäåðæàùèõ ãðóïïàõ â ñòðóêòóðå GO.

Ðåçóëüòàòû ïðîâåäåííûõ èññëåäîâàíèé ìåòîäîì

ÐÔÑ ñòåïåíè îêèñëåíèÿ ìåõàíîõèìè÷åñêè ïîëó÷åí-

íûõ íàìè îáðàçöîâ ãðàôåíà ïðèâåäåíû íà ðèñ. 4. Êàê

âèäíî èç ðèñóíêà, ñïåêòðû ÐÔÑ âûñîêîãî ðàçðåøå-

íèÿ âñåõ îáðàçöîâ èìåþò îñíîâíîé ïèê C1s â îáëàñòè

284,4 ýÂ. Ïèêè â îáëàñòè 286,5 è 288,0 ýÂ ïîäòâåðæ-

äàþò íàëè÷èå òàêæå ñâÿçåé C—OH (C—O—Ñ) è C=O

[21, 22], óêàçûâàÿ íà ïðèñóòñòâèå ãèäðîêñèëüíûõ

(ýïîêñèäíûõ) è êàðáîíèëüíûõ ãðóïï íà ïîâåðõíîñòè

ìåõàíîõèìè÷åñêè ïîëó÷åííûõ ãðàôåíîâ. Ïðè ýòîì

ñîäåðæàíèå êèñëîðîäñîäåðæàùèõ ãðóïï ñóùåñòâåí-

íî óâåëè÷èâàåòñÿ ïðè ïåðåõîäå îò Gr è OGr ê GO

(ðèñ. 4), òàê ÷òî ñîîòíîøåíèå C : O ñîãëàñíî äàííûì

ÐÔÑ äëÿ óêàçàííîé ïîñëåäîâàòåëüíîñòè îáðàçöîâ

ñîñòàâëÿåò 90, 24 è 2,5 ñîîòâåòñòâåííî.

Êàê óñòàíîâëåíî íàìè, íàëè÷èå íà ïîâåðõíîñòè

GO çíà÷èòåëüíîãî êîëè÷åñòâà êèñëîðîäñîäåðæàùèõ,

â ÷àñòíîñòè êàðáîíèëüíûõ, ôóíêöèîíàëüíûõ ãðóïï

îáóñëîâëèâàåò åãî ýëåêòðîõèìè÷åñêóþ àêòèâíîñòü â

îáëàñòè ïîòåíöèàëà, õàðàêòåðíîãî äëÿ êàòîäîâ ëè-

òèåâûõ àêêóìóëÿòîðîâ. Íà ðèñ. 5 ïðèâåäåíû ðåçóëü-

òàòû ïðîâåäåííûõ èññëåäîâàíèé çàâèñèìîñòè âåëè-

÷èíû óäåëüíîé ýëåêòðîõèìè÷åñêîé åìêîñòè GO îò

êîëè÷åñòâà öèêëîâ ïîëíîãî çàðÿäà-ðàçðÿäà â èíòåð-

âàëå ïîòåíöèàëà 4,5—1,5 Â îòí. Li/Li
+
. Èç ðèñóíêà

âèäíî, ÷òî GO õàðàêòåðèçóåòñÿ ïåðâè÷íîé ðàçðÿäíîé

åìêîñòüþ ~409 À·÷/êã, çíà÷åíèå êîòîðîé ïîñòåïåííî

ñíèæàåòñÿ ïðè ïîñëåäóþùåì öèêëèðîâàíèè è

Î. Þ. Ïîñóäèåâñêèé, À. À. Õàçååâà, Î. À. Êîçàðåíêî, Â. Ñ. Äÿäþí, Â. Ã. Êîøå÷êî, Â. Ä. Ïîõîäåíêî
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Ðèñ. 3. Ñïåêòðû ïîãëîùåíèÿ â ÓÔ- è âèäèìîé îáëàñòè

ïîëó÷åííûõ âîäíûõ äèñïåðñèé Gr, OGr è GO.

Ðèñ. 4. Ñ1s-cïåêòðû ÐÔÑ îáðàçöîâ Gr (à), OGr (á) è GO (â).



ñòàáèëèçèðóåòñÿ íà óðîâíå ~90 À·÷/êã. Òàêîå ïî-

âåäåíèå GO ïðè öèêëèðîâàíèè ìîæåò áûòü ñâÿçàíî ñ

íåîáðàòèìûìè ýëåêòðîõèìè÷åñêèìè ïðîöåññàìè ñ

ó÷àñòèåì åãî êèñëîðîäñîäåðæàùèõ ãðóïï, ÷òî ïðè-

âîäèò ê ïîòåðå ïåðâè÷íîé óäåëüíîé åìêîñòè è

îòíîñèòåëüíîé ñòàáèëèçàöèè åå çíà÷åíèÿ ïîñëå 10-ãî

öèêëà çàðÿäà-ðàçðÿäà. Óìåñòíî îòìåòèòü, ÷òî àíàëî-

ãè÷íûå õàðàêòåðèñòèêè áûëè ïðèâåäåíû íåäàâíî â

ðàáîòå [23] äëÿ îêñèäà ãðàôåíà, ïîëó÷åííîãî ïî

ìåòîäó Õàììåðñà.

Òàêèì îáðàçîì, â íàñòîÿùåé ðàáîòå ïðè ïîìîùè

ìåõàíîõèìè÷åñêîãî ñïîñîáà ïîëó÷åíû ãðàôåíû ñ

ðàçíîé ñòåïåíüþ îêèñëåíèÿ, êîòîðûå ñïîñîáíû îáðà-

çîâûâàòü ñòàáèëüíûå âîäíûå äèñïåðñèè. Â ðåçóëü-

òàòå ïðîâåäåííûõ èññëåäîâàíèé ïîêàçàíî, ÷òî èñ-

ïîëüçîâàíèå â êà÷åñòâå ðàññëàèâàþùèõ àãåíòîâ ïðè

ìåõàíîõèìè÷åñêîé îáðàáîòêå ãðàôèòà Na
2
SO

4
,

KMnO
4

è KMnO
4

ñ äîáàâêîé ñòåõèîìåòðè÷åñêîãî

êîëè÷åñòâà H
2
SO

4
ïîçâîëÿåò ïîëó÷àòü ãðàôåíû â

ñëàáî è ñèëüíî îêèñëåííîì ñîñòîÿíèÿõ. Óñòàíîâ-

ëåíî, ÷òî ëàòåðàëüíûé ðàçìåð ïðåèìóùåñòâåííî

ìîíîñëîéíûõ ÷àñòèö òàêèõ ãðàôåíîâ ñîñòàâëÿåò

100—500 íì è óìåíüøàåòñÿ ñ óâåëè÷åíèåì ñòåïåíè

îêèñëåíèÿ. Ìåòîäîì ÐÔÑ äîêàçàíî íàëè÷èå íà ïî-

âåðõíîñòè ïîëó÷åííûõ ãðàôåíîâ êèñëîðîäñîäåðæà-

ùèõ ãðóïï, êîòîðûå îáðàçóþòñÿ â ðåçóëüòàòå

âçàèìîäåéñòâèÿ íàíîñòðóêòóðèðîâàííîãî ãðàôèòà ñ

êèñëîðîäîì âîçäóõà è âîäîé.

Óñòàíîâëåíî áîëüøîå ñîäåðæàíèå ãèäðîêñèëüíûõ

ãðóïï íà ïîâåðõíîñòè ïîëó÷åííîãî ìåõàíîõèìè-

÷åñêèì ñïîñîáîì îêñèäà ãðàôèòà, êîòîðûå îáóñëîâ-

ëèâàþò åãî ñïîñîáíîñòü ê ýêñôîëèàöèè â îêñèä

ãðàôåíà áåç èñïîëüçîâàíèÿ óëüòðàçâóêà.

Ïîêàçàíî, ÷òî íàëè÷èå íà ïîâåðõíîñòè íàíî÷àñòèö

îêñèäà ãðàôåíà çíà÷èòåëüíîãî êîëè÷åñòâà êèñëîðîä-

ñîäåðæàùèõ, â ÷àñòíîñòè êàðáîíèëüíûõ, ôóíêöèî-

íàëüíûõ ãðóïï îáóñëîâëèâàåò åãî ýëåêòðîõèìè÷å-

ñêóþ àêòèâíîñòü â îáëàñòè ïîòåíöèàëà, õàðàêòåðíîãî

äëÿ êàòîäîâ ëèòèåâûõ àêêóìóëÿòîðîâ. Óñòàíîâëåíî,

÷òî ïåðâè÷íàÿ óäåëüíàÿ ðàçðÿäíàÿ åìêîñòü òàêîãî

îêñèäà ãðàôåíà ñîñòàâëÿåò ~409 À·÷/êã, çíà÷åíèå

êîòîðîé ïîñòåïåííî ñíèæàåòñÿ ïðè äàëüíåéøåì

öèêëèðîâàíèè çàðÿäà-ðàçðÿäà âñëåäñòâèå íåîáðàòè-

ìîñòè ïðîöåññîâ âîññòàíîâëåíèÿ êèñëîðîäñîäåðæà-

ùèõ ãðóïï è ñòàáèëèçèðóåòñÿ íà óðîâíå 90 À·÷/êã.

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå ïðîãðàììû

ñîâìåñòíûõ èññëåäîâàíèé Íàöèîíàëüíîé àêàäåìèè

íàóê Óêðàèíû è Ðîññèéñêîãî ôîíäà ôóíäàìåíòàëü-

íûõ èññëåäîâàíèé (ïðîåêò ¹ 11-03-14).
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Âïëèâ ïðèðîäè ðîçøàðîâóþ÷èõ àãåíò³â íà áóäîâó

ìåõàíîõ³ì³÷íî îäåðæàíèõ ãðàôåí³â ç ð³çíèì ñòóïåíåì îêèñíåííÿ

Î. Þ. Ïîñóä³ºâñüêèé, Î. À. Õàçººâà, Î. À. Êîçàðåíêî,

Â. Ñ. Äÿäþí, Â. Ã. Êîøå÷êî, Â. Ä. Ïîõîäåíêî

²íñòèòóò ô³çè÷íî¿ õ³ì³¿ ³ì. Ë. Â. Ïèñàðæåâñüêîãî ÍÀÍ Óêðà¿íè

ïðîñï. Íàóêè, 31, Êè¿â 03028, Óêðà¿íà. Å-mail: posol@inphyschem-nas.kiev.ua

Ãðàôåíè ç ð³çíèì ñòóïåíåì îêèñíåííÿ, ÿê³ çäàòí³ óòâîðþâàòè ñòàá³ëüí³ âîäí³ äèñïåðñ³¿,

îäåðæàíî ìåõàíîõ³ì³÷íèì ñïîñîáîì ç âèêîðèñòàííÿì Na
2
SO

4
, KMnO

4
àáî KMnO

4
ç äîäàâàííÿì

ñòåõ³îìåòðè÷íî¿ ê³ëüêîñò³ H
2
SO

4
â ÿêîñò³ ðîçøàðîâóþ÷èõ àãåíò³â ïðè ìåõàíîõ³ì³÷í³é îáðîáö³

ãðàô³òó. Âñòàíîâëåíî, ùî ëàòåðàëüíèé ðîçì³ð ïåðåâàæíî ìîíîøàðîâèõ ÷àñòèíîê òàêèõ

ãðàôåí³â ñòàíîâèòü 100—500 íì ³ çìåíøóºòüñÿ ç³ çá³ëüøåííÿì ñòóïåíÿ îêèñíåííÿ. Ïîêàçàíî

íàÿâí³ñòü íà ïîâåðõí³ îäåðæàíèõ ãðàôåí³â ð³çíèõ êèñíåâì³ñíèõ ãðóï, ÿê³ óòâîðþþòüñÿ â

ðåçóëüòàò³ âçàºìîä³¿ íàíîñòðóêòóðîâàíîãî ãðàô³òó ç êèñíåì ïîâ³òðÿ ³ âîäîþ. Âñòàíîâëåíî, ùî

ïåðâèííà âèñîêà ïèòîìà ðîçðÿäíà ºìí³ñòü îêñèäó ãðàôåíó çíèæóºòüñÿ ïðè öèêëóâàíí³ çàðÿ-

äó-ðîçðÿäó âíàñë³äîê íåçâîðîòíîñò³ ïðîöåñ³â â³äíîâëåííÿ êèñíåâì³ñíèõ ãðóï ³ ñòàá³ë³çóºòüñÿ íà

ð³âí³ 90 À·ãîä/êã.

Êëþ÷îâ³ ñëîâà: ãðàôåí, ìåõàíîõ³ì³÷íå îäåðæàííÿ, ñòóï³íü îêèñíåííÿ, åëåêòðîõ³ì³÷íà ºìí³ñòü.

Influence of the Nature of Exfoliating Agents on the Structure of Graphene

with Varying Degrees of Oxidation Obtained by Mehanochemical Treatment

O. Yu. Posudievsky, O. A. Khazieieva, O. A. Kozarenko,

V. S. Dyadyun, V. G. Koshechko, V. D. Pokhodenko

L. V. Pysarzhevsky Institute of Physical Chemistry, National Academy of Sciences of Ukraine

Prosp. Nauky, 31, Kyiv 03028, Ukraine. E-mail: posol@inphyschem-nas.kiev.ua

Graphenes with different degree of oxidation, capable of forming stable aqueous dispersions, were pre-

pared by a mechanochemical method using Na
2
SO

4
, KMnO

4
or KMnO

4
with addition of the

stoichiometric quantity of H
2
SO

4
as exfoliating agents during mechanochemical treatment of graphite. It

was established that the lateral size of the predominantly monolayer graphene particles is 100-500 nm

and decreases with increasing degree of oxidation. The presence of various oxygen-containing groups on

the surface of graphene, which are formed by the interaction of the nanostructured graphite with air oxy-

gen and water, was shown. It was found that the initially high discharge capacity of graphene oxide is re-

duced during charge-discharge cycling due to the irreversibility of the reduction of oxygen-containing

groups and stabilizes at 90 A·h/kg.

Key words: graphene, mehanochemical preparation, oxidation degree, electrochemical capacity.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


