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Streszczenie

Prezentowana rozprawa doktorska opisuje wyniki prac badawczych nad warstwami
nanomateriatdw weglowych wytworzonymi metodami Langmuira. Badania mialy na celu
okreslenie wplywu procesu przygotowania zawiesiny, rozmiaréw nanomaterialow weglowych
oraz obecnos$ci barwnika na wlasciwosci elektryczne 1 optyczne warstw, jak réwniez pokazanie
mozliwo$ci zastosowania wybranych warstw do poprawy parametréw pracy ogniw litowo-
jonowych. Uzyskane wyniki zostaly opisane w czterech artykutach naukowych z listy Journal

Citation Reports.

W celu zbadania wplywu procesu przygotowania zawiesin na wlasciwosci otrzymanych z nich
warstw mieszaning grafenu 1 dichlorometanu poddano dziataniu ultradzwigkéw o mocach 60 W 1
20 W przez okres czasu od 1 min do 180 min. Nastepnie z uzyskanych zawiesin wytworzono
warstwy metoda Langmuira-Schaefera. Badania wtasciwosci elektrycznych wykazaty znaczacy
wzrost rezystancji powierzchniowej otrzymanych warstw w przypadku zastosowania wyzszej
mocy ultradzwieckoéw podczas przygotowania zawiesiny. Na podstawie analizy wynikow badan
uzyskanych za pomocg spektroskopii rozproszenia Ramana oraz skaningowej mikroskopii
elektronowej (SEM) wyjasniono przyczyny wzrostu rezystancji powierzchniowej. Wykazano, ze
za wzrost rezystancji powierzchniowej odpowiedzialna byla nie, jak poczatkowo zaktadano,
rosngca ilos¢ defektow, ale ich rodzaj. Badania te pozwolity zoptymalizowaé proces

przygotowania zawiesiny.

W dalszym etapie badan przygotowano zawiesiny wielo$ciennych nanorurek weglowych
(MWCNT) o réznym rozkladzie statystycznym $rednic. Dla warstw wytworzonych metoda
Langmuira-Schaefera zostaly zmierzone rezystancje powierzchniowe i zarejestrowane widma
transmitancji w zakresie UV-Vis. Nastepnie, wykorzystujac metode oscylujacych barier,
wyznaczono dla warstw Langmuira warto$ci zespolonych modutow kompresowalnosci oraz
$cinania. Analiza otrzymanych wynikéw pokazata, ze z powodu deformacji plastycznych warstw
MWCNT w kierunku prostopadtym do kierunku kompresji warstwy, nie zawsze obserwuje si¢

wzrost anizotropii rezystancji wraz z malejacg Srednica MWCNT. Dodatkowo, zauwazono



korelacje pomigdzy gruboscig Scianeck MWCNT a przesunigciem maksimum pasma absorpcji w

zakresie UV.

Na kolejnym etapie prac podj¢to probe zwigkszenia wspoOlczynnika transmitancji warstw
MWCNT. Do zrealizowania tego celu wykorzystano barwnik organiczny, ktéory dodano do
zawiesiny MWCNT 1 utworzono warstwy. Zastosowanie falocyjaniny cynkowej, ktora w
warstwie wykazuje niska absorbancja w zakresie UV-Vis oraz silng fluorescencje, umozliwito
zwigkszenie transmitancji otrzymanych warstw mieszanych do wartosci okoto 98 %. Dodatkowo,
uzyskano informacje na temat oddzialywan pomiedzy MWCNT a ftalocyjaning cynkowa.
Zaobserwowano silne oddzialywania przyciagajace pomigdzy MWCNT a makrocyklem oraz
stabe oddziatywania odpychajace pomigdzy MWCNT a grupami tert-butylowymi ftalocyjaniny.
Wykazano takze, mozliwo$¢ stosowania technik Langmuira do wyznaczania progéw perkolacji
wyrazonych jako utamek masowy, ulamek powierzchniowy oraz gestos¢ powierzchniowa. Na
podstawie uzyskanych wynikéw zaproponowano strategie doboru materiatéw, ktora pozwala na
optymalizacj¢ warto$ci rezystancji powierzchniowej warstw mieszanych. Opracowano takze
metode pozwalajaca na wzglednie tatwy i dokladny sposob okreslenia ulamkéw powierzchni
zajmowanych przez kazdy ze sktadnikow warstwy bez koniecznosci wykonania czasochtonnych
badan mikroskopowych, ktéra moze mie¢ istotny wptyw na dalszy rozwoj badan zwigzanych z

wyznaczaniem progdéw perkolacji.

Ostatni etap badan dotyczyl mozliwosci zastosowania warstw MWCNT w technologii
wytwarzania ogniw litowo-jonowych 1 ich wplywu na parametry pracy ogniwa. W tym celu
zmodyfikowano kolektor pragdowy katody poprzez naniesienie cienkiej warstwy MWCNT na
jego powierzchnie. Wprowadzona modyfikacja pozwolita na redukcje oporéw wewngtrznych
ogniwa, co spowodowalo wzrost pojemnosci ogniw dla wysokich gegstosci pradu
tadowania/wyladowania. Ponadto, zastosowana modyfikacja umozliwita zgromadzenie nawet do

43 % wigkszej ilosci energii podczas cyklu tadowania w porownaniu do elektrody referencyjne;.



Abstract

The presented doctoral dissertation describes the results of a research on the layers of carbon
nanomaterials obtained using Langmuir methods. The aim of the research was to determine the
influence of the process of preparing a suspension and/or the size of carbon nanomaterials and of
the presence of a dye on the electrical and optical properties of the layers, as well as to show the
possibility of using selected layers to improve the operating parameters of lithium-ion cells. The
results obtained were presented in four scientific articles published in periodicals listed in Journal

Citation Reports.

To study the influence of the suspension preparation process on the properties of the layers
obtained therefrom, the mixture of graphene and dichloromethane was ultrasonicated at 60 W and
20 W power for a period of time from 1 min to 180 min. Layers were then produced from the
suspensions obtained using the Langmuir-Schaefer method. The study of electrical properties
showed a significant increase in the surface resistivity of the obtained layers when a higher
ultrasound power was used during the preparation of the suspension. The origin of the increase in
surface resistivity was explained on the basis of the analysis of results obtained with Raman
scattering spectroscopy and scanning electron microscopy (SEM). It was shown that it was not
the increase in the number of defects, as initially assumed, but rather their type which was
responsible for the increase in surface resistivity. These studies allowed for optimization of the

suspension preparation process.

In the further stage of the research, suspensions of multi-walled carbon nanotubes (MWCNT)
with different statistical distributions of diameters were prepared. For the layers produced by the
Langmuir-Schaefer method, surface resistivity and transmittance spectra in the ultraviolet-visible
(UV-vis) range were measured. Then, using the oscillating barrier method, the values of the
complex compressibility and complex shear moduli for Langmuir layers were determined. The
analysis of the results obtained showed that due to plastic deformation of MWCNT layers in the
direction perpendicular to the layer compression direction, an increase in resistivity anisotropy
with a decreasing MWCNT diameter is not always observed. In addition, the correlation between
the MWCNT wall thickness and the shift in the absorption band maximum in the UV range was

noticed.



In the next stage of the work, an attempt was made to increase the transmittance coefficient of the
MWCNT layers. To achieve this, an organic dye was used, which was added to the MWCNT
suspension and layered therefrom. The use of zinc phthalocyanine, which in the layer exhibits
low absorbance in the UV-vis range and strong fluorescence, allowed for an increase in the
transmittance of the obtained mixed layers to about 98 %. Furthermore, information was also
obtained on the interactions between MWCNT and zinc phthalocyanine. Strong attractive
interactions between MWCNT and the macrocycle and weak repulsive interactions between
MWCNT and tert-butyl groups of phthalocyanine were observed. The possibility of using
Langmuir techniques to determine percolation thresholds expressed as mass fraction, surface
fraction, and surface density was demonstrated. On the basis of the results obtained, a material
selection strategy was proposed, which allows for optimizing the surface resistivity values of
mixed layers. A method has been developed that allows for a relatively easy and accurate way to
determine the surface fractions occupied by each of the layer components without the need for
time-consuming microscopic examinations. This method may have a significant impact on the

further development of research related to the determination of percolation thresholds.

The last stage of the research was related to the applicability of MWCNT layers in the production
technology of lithium-ion cells and their influence on the working parameters of the cell. For this
purpose, the cathode current collector was modified by depositing a thin MWCNT film on its
surface. The introduced modification made it possible to reduce the internal resistance of the cell,
which caused an increase in the cell capacity for high charge/discharge current densities.
Moreover, the applied modification allowed to accumulate up to 43 % more energy during the

charging cycle compared to the reference electrode.



1. Forma rozprawy doktorskiej

Rozprawa doktorska pt. ,,Opracowanie metod wytwarzania elektrod z nanomateriatow
weglowych technikami Langmuira-Schaefera i ich charakteryzacja” sktada si¢ z czterech
artykutéw naukowych opublikowanych w recenzowanych czasopismach znajdujacych si¢ na
liscie Journal Citation Reports (JCR). Ponizej zamieszczono zestawienie ww. artykutéw wraz z
liczbg punktow przyznanych dla danego czasopisma przez Ministerstwo Edukacji 1 Nauki
(MEiN) oraz wspotczynnikiem wpltywu Imapct Factor (IF), Prezentowany cykl artykutow
dotyczy metod wytwarzania i charakteryzacji cienkich warstw nanomaterialow weglowych oraz

potencjalnych mozliwosci ich zastosowan.

[Rytel, PCCP 2018] K. Rytel, M. Widelicka, D. Lukawski, F. Lisiecki, K. Kedzierski, D.
Wrobel, Ultrasonication-induced sp’ hybridization defects in Langmuir-Schaefer layers of
turbostratic ~ graphene, Phys. Chem. Chem. Phys. 20 (2018) 12777-12784.
doi:10.1039/c8cp01363b. (MEIN 40, IF 3.567)

[Rytel, PCCP 2020] K. Rytel, K. Kedzierski, B. Barszcz, M. Widelicka, A. Stachowiak, A.
Biadasz, L. Majchrzycki, E. Coy, D. Wrobel, The influence of diameter of multiwalled carbon

nanotubes on mechanical, optical and electrical properties of Langmuir-Schaefer films, Phys.

Chem. Chem. Phys. 22 (2020) 22380-22389. do1:10.1039/d0cp03687k. (MEIN 100, IF 3.676)

[Rytel JoML 2022] K. Rytel, K. Kedzierski, B. Barszcz, B. Biadasz, £.. Majchrzycki, D. Wrobel,
The influence of zinc phthalocyanine on the formation and properties of multiwalled carbon
nanotubes thin films on the air-solid and air-water interface, J. Mol. Liq. 350 (2022) 118548-1—
118548-8. doi:10.1016/j.molliq.2022.118548 (MEIN 100, IF 6,165)

[Rytel Electr 2016] K. Rytel, D. Waszak, K. Kedzierski, D. Wrobel, Novel method of current
collector coating by multiwalled carbon nanotube Langmuir layer for enhanced power
performance of LiMn;O, electrode of Li-ion batteries, Electrochim. Acta. 222 (2016) 921-925.
doi:10.1016/j.electacta.2016.11.058. (MEIN 40, IF 4,798)

Wkiad autora rozprawy w przygotowanie kazdego z wyzej wymienionych artykutow byt

znaczacy 1 polegal na: zaplanowaniu oraz koordynacji prac badawczych, przeprowadzeniu



wiekszosci prac eksperymentalnych, opracowaniu i analizie otrzymanych wynikéw oraz
przygotowaniu manuskryptu. Stosowne o$wiadczenia wspoOtautorow zostaty zamieszczone w

koncowej czesci rozprawy.

2. Motywacjai cel rozprawy doktorskiej

Nanomateriaty sg to naturalnie wyst¢gpujace lub wytworzone materiaty, ktérych przynajmniej
jeden z wymiaréw jest mniejszy od 100 nm (zgodnie z zaleceniem 2011/696/UE dotyczacym
definicji nanomateriatu). Ze wzgledu na mozliwo$¢ tworzenia stabilnych wigzan chemicznych o

2

trzech roznych hybrydyzacjach (sp', sp’, sp’), wegiel posiada wiele odmian alotropowych.
Powszechnie znanymi odmianami alotropowymi wegla sa wegiel amorficzny, diament, grafit,
grafen, fuleren i1 nanorurka weglowa (CNT). W literaturze mozna tez znalez¢ doniesienia o
bardziej ,,egzotycznych” formach wegla takich jak grafedien, graphyn oraz weglowe kropki

kwantowe. [1-4]

Wplyw na wlasciwo$ci nanomateriatu weglowego ma nie tylko hybrydyzacja wiazan C-C, ale tez
wiele innych czynnikow. Przyktadowo jedno$cienne nanorurki weglowe (SWCNT) w zalezno$ci
od kata chiralnego oraz $rednicy moga posiada¢ wlasciwos¢ metaliczne lub pétprzewodnikowe.
[5,6] Dodatkowo zaréwno $rednica 1 grubos$¢ $cianek nanorurek weglowych (CNT) moze mieé
wplyw na ich wytrzymalo$¢ mechaniczng [7] 1 wlasciwosci optyczne. [8-10] Z kolei na
wlasciwosci grafenu najwickszy wptyw ma ilo$¢ i rodzaj defektow w ich strukturze oraz liczba
warstw. [11-13] Przykltadem moze by¢ grafen turbostratyczny (dwie warstwy grafenu skrecone
wzgledem siebie o kat w przedziale 0-30 ©), w ktérym w zalezno$ci od ilosci defektow oraz kata

skrecenia warstw moze wystepowac przewodnictwo balistyczne. [14,15]

Réznorodnos¢ wilasciwosci nanomaterialdow wynikajaca ze zmian strukturalnych lub czynnikéw
zewnetrznych otwiera wiele mozliwosci ich zastosowania, ale tez przysparza wielu trudnosci
przy produkcji wielkoskalowej. Zaré6wno nanorurki weglowe i grafen posiadaja niezwykle
wlasciwos$ci mechaniczne 1 elektryczne. Modut Younga dla tych materialow wynosi okoto 1 TPa,
a ich wytrzymato$¢ na rozcigganie dochodzi do warto$ci wynoszacych okoto 100 GPa. [7,16] Z

kolei biorgc pod uwage przewodnictwo balistyczne, ktore wystgpuje zarowno w grafenie jak i w



CNT nie jest mozliwe okreslenie teoretycznego goérnego limitu warto$ci przewodnos$ci wlasciwe;j

tych materiatow. [17,18]

Niestety, niezwykle trudne jest, aby uktad zlozony z wigkszej liczby nanomaterialdow miat
wlasciwosci bedace wypadkowa poszczegodlnych jego sktadnikow. Pogorszenie przewodnosci
wlasciwej lub odpornosci na rozcigganie spowodowane jest wptywem defektéw, zanieczyszczen,
brakiem uporzadkowania poszczeg6élnych skladnikéw lub tez oddziatywaniami pomigdzy nimi.
W zwiagzku z tym, budujac urzadzenie w oparciu o nanomaterialy weglowe, istotne jest
zrozumienie 1 zbadanie czynnikow wpltywajacych na uzyskanie pozadanych parametréow jego
pracy. Pomimo powyzszych probleméw nanomaterialty weglowe znajduja zastosowanie w
bateriach litowo-jonowych, sensorach, tranzystorach polowych i transparentnych elektrodach.

[19-24]

Warunkiem koniecznym do zastosowania nanomaterialow weglowych jest mozliwosé
wytworzenia z nich cienkiej warstwy. Najlepszej jakosci warstwy mozna otrzymac¢ za pomoca
wyrafinowanych metod takich jak wzrost epitaksjalny czy metoda pirolizy katalitycznej (CVD).
[25,26] Niestety wysokie koszty produkcji 1 wykorzystanie specjalistycznej aparatury ograniczaja
mozliwos$ci zastosowania tych metod w produkcji wielkoskalowej. Z drugiej strony czesto
stosowane s3 znacznie tansze oraz potencjalnie skalowalne metody otrzymywania cienkich
warstw takie jak: powlekanie obrotowe, powlekanie natryskowe, metoda roll-to-roll, czy tez

metody Langmuira. [27-33]

W badaniach opisanych w niniejszej pracy doktorskiej do otrzymywania warstw zastosowano
metody Langmuira. Metody te posiadaja wiele unikalnych mozliwosci. Zaréwno gestosé
upakowania 1 morfologia warstwy moze by¢ kontrolowana poprzez ci$nienie powierzchniowe,
przy ktorym warstwa jest badana in situ lub/i przenoszona na podtoze state. W przypadku
zastosowania tlenku grafenu zaleznie od wartosci ci$nienia powierzchniowego mozna otrzymac
warstwe zlozong z platkdw o plaskiej, falistej, stojacej zapadnigtej lub silnie zakrzywionej
strukturze.[34] Zmiana struktury platkow powoduje, ze powierzchnia wtasciwa warstwy rosnie
wraz ze wzrostem cisnienia powierzchniowego. W przypadku CNT anizotropia oporu
elektrycznego warstwy ros$nie wraz ze wzrostem warto$ci ci$nienia powierzchniowego. [27,35]
Wplyw na anizotropi¢ oporu elektrycznego warstwy ma rowniez proces jej sprezania.

Dodatkowy wptyw na proces porzadkowania CNT w warstwie majg takie czynniki jak predkos¢

10



filmu wzgledem subfazy, lepko$¢ subfazy oraz stosunek dlugosci CNT do ich $rednicy. [36] Inng
zaleta metod Langmuira jest mozliwo$¢ otrzymania warstwy o grubosci poroOwnywalnej ze
srednicg CNT lub gruboscig ptatkéw grafenowych oraz mozliwos¢ precyzyjnego okreslenia masy

nanomateriatu przypadajacej na jednostke powierzchni warstwy.

Zasadniczym celem badan opisanych w prezentowanej rozprawie doktorskiej byto otrzymanie
cienkich warstw z nanomaterialow weglowych charakteryzujacych si¢ jak najnizszym oporem
elektrycznym i jednoczesnie jak najwyzszg transmitancjg oraz sprawdzenie czy ich zastosowanie
wptynie na poprawe parametroOw pracy wybranego urzadzenia. Podczas realizacji ww. zamierzen

wykonano badania prowadzace do:

e okreslenia wptywu mocy ultradzwigkéw stosowanych podczas przygotowania zawiesiny
nanomateriatlow weglowych na wiasciwosci optyczne 1 elektryczne wytworzonej
warstwy;

e zbadania jaki wplyw ma $rednica CNT na wilasciwosci optyczne i elektryczne warstwy
oraz na mozliwos$¢ uzyskania anizotropii utozenia CNT;

e zwickszenia transmitancji poprzez zastosowanie dodatkowego, organicznego sktadnika w
warstwie CNT;

e poprawy parametrOw pracy ogniwa litowo-jonowego poprzez modyfikacje powierzchni

kolektora pradowego warstwa CNT.

3. Badane materialy oraz zastosowane techniki pomiarowe

Podczas badan w ramach pracy doktorskiej wykorzystano komercyjnie dostepne nanomateriaty
takie jak: grafen turbostratyczny (wielko§¢ platkow: 150-500 nm, liczba warstw wg. danych
producenta: 2-3), wielo$cienne nanorurki weglowe (MWCNT) o réznych $rednicach (6-25 nm) 1
statej dlugosci (5 um). Wszystkie badania (z wyjatkiem badan przeprowadzonych dla ogniw
litowo-jonowych, metodg spektroskopii ramanowskiej oraz mikroskopii elektronowej) wykonano
w laboratoriach Zakladu Fizyki Molekularnej w Instytucie Fizyki na Wydziale Inzynierii

Materiatowej 1 Fizyki Technicznej Politechniki Poznanskie;.
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Do przygotowania zawiesin  nanomateriatow  weglowych  uzyto  homogenizatora
ultradzwigkowego, a ich jako$¢ oceniano na podstawie widm rejestrowanych w zakresie UV-Vis
za pomoca spektrofotometru absorpcyjnego. Otrzymane zawiesiny wykorzystano do
wytworzenia warstw na granicy faz woda-powietrze (technika Langmuira), dla ktorych
rejestrowano, podczas ich sprezania, zalezno$¢ cisnienia powierzchniowego w funkcji
powierzchni warstwy (izoterma II-A). Wiasciwosci reologiczne warstw oceniono wykorzystujac
do badan metod¢ oscylujacych barier oraz analizujac izotermy II-A. Przeprowadzone badania
umozliwily wyznaczenie optymalnych warunkow transferu warstwy na podloze state oraz

okreslenie oddziatywan pomiedzy sktadnikami warstwy

Warstwy badanych nanomateriatlow weglowych przenoszono na podloza stale (aluminium,
kwarc, polichlorek winylu) wykorzystujac metody Langmuira-Schaefera oraz Langmuira-
Blodgett. Dla warstw na podtozach stalych rejestrowano widma absorpcji w zakresie UV-Vis, na
ich podstawie wyznaczano transmitancje warstw oraz analizowano wplywu réznego rodzaju
czynnikow, takich jak moc ultradzwigkdéw, $rednica i grubo$¢ $cianki CNT Iub obecnosé
dodatkowego sktadnika w warstwie, na potozenie pasm plazmonowych nanomateriatléw
weglowych.  Jakos$¢/jednorodno$s¢ pokrycia podlozy badang warstwg byla okre§lana
wykorzystujagc metody mikroskopii elektronowej oraz skaningowej mikroskopii konfokalnej, w
trybie odbiciowym oraz fluorescencyjnym. Uzyskane informacje pozwolity na optymalizacje
parametréw transferu warstwy oraz oszacowanie powierzchni warstwy koniecznej do
wyznaczenia rezystancji powierzchniowej. Badania elektryczne wykonano zaréwno w uktadach
cztero- i dwu-elektrodowych za pomoca Zrédta mierzacego, a elektrody do badan elektrycznych
wytworzono uzywajac pasty srebrnej. Wyznaczenie rezystancji powierzchniowej otrzymanych
warstw umozliwito ocen¢ ich mozliwosci potencjalnego zastosowania jako transparentne
elektrody. Ponadto, okreslono wpltyw poszczegbdlnych etapow procesu
przygotowania/wytworzenia warstwy na wyznaczong wartos¢ rezystancji powierzchniowej oraz

na anizotropi¢ ulozenia badanych nanomateriatow w warstwach.

Pomiary z wykorzystaniem skaningowej mikroskopii elektronowej (SEM) wykonane zostaty
przez dr. inz. Lukasza Majchrzyckiego (Centrum Zaawansowanych Technologii Uniwersytetu
im. Adama Mickiewicza w Poznaniu) oraz przez dr. inz. Filipa Lisickiego (Instytut Fizyki

Molekularnej Polskiej Akademii Nauk w Poznaniu), a transmisyjnej mikroskopii elektronowe;j

12



(TEM) zostaly wykonane przez dr. hab. inz. Emersona Coy’a, prof. UAM (Centrum
NanoBioMedyczne Uniwersytetu im. Adama Mickiewicza w Poznaniu). Analiza uzyskanych
obrazow mikroskopowych pozwolita na precyzyjne wyznaczenie rozmiarOw badanych

nanomateriatow oraz na okreslenie morfologii warstw w nanoskali.

Pomiary widm rozproszenia Ramana zostaly wykonane przez dr. inz. Bolestawa Barszcza oraz
przez dr inz. Malgorzate¢ Widelicka (Instytut Fizyki Molekularnej Polskiej Akademii Nauk w
Poznaniu). Na podstawie uzyskanych wynikow skontrolowano i oceniono jako$¢ badanych

nanomateriatow, w tym ilo$¢ oraz rodzaju defektow.

Montaz ogniw litowo-jonowych, pomiary galwanostatyczne, cyklicznosci pracy oraz pomiary z
wykorzystaniem spektroskopii impedancyjnej zostaly wykonane przez doktoranta, pod opieka dr.
Daniela Waszaka, w Centralnym Laboratorium Akumulatorow 1 Ogniw Instytutu Metali
Niezelaznych, Oddziat w Poznaniu (obecnie Sie¢ Badawcza Lukasiewicz — Instytut Metali
Niezelaznych). Wyniki tych badan umozliwilty ocen¢ wptywu cienkiej warstwy CNT

modyfikujacej kolektor pradowy na podstawowe parametry pracy ogniwa litowo-jonowego.

4. Krotki opis badan sktadajacych sie na rozprawe doktorska

W pracy [Rytel, PCCP 2018] opisano badania dotyczace wpltywu procesu homogenizacji
ultradzwigckowej zawiesiny grafenu, wykorzystywanej do wytworzenia warstw Langmuira-
Schaefera, na wlasciwos$ci optyczne i elektryczne warstw. Homogenizacja ultradzwigkowa jest
szeroko stosowang metoda otrzymywania zawiesin w rozpuszczalnikach zar6wno organicznych i
nieorganicznych. Podczas gdy, wickszo$¢ zastosowan nanomaterialow weglowych nie
wykorzystuje bezposrednio zawiesin, to wiele z nich wymaga ich uzycia na pewnym etapie
procesu (np. osadzanie cienkich warstw lub wytwarzania materiatow kompozytowych). Istotne
jest, aby proces homogenizacji ultradzwigkowej pozwolit na jak najlepsza dyspersje
zastosowanego materiatu i jednocze$nie nie wplywal na zmiang jego wiasciwosci strukturalnych.

Celem przeprowadzonych badan bylo uzyskanie odpowiedzi na nastgpujace pytania:

e C(Czy ptlatki grafenowe poddane procesowi homogenizacji ultradzwigkowej zmieniaja

rozmiar?
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e (Czy wzglednie niska moc ultradzwigkdw moze wplywaé na strukture wigzan C-C 1
powodowac¢ zmian¢ hybrydyzacji?

e Jak przygotowanie zawiesiny, w tym czas trwania procesu homogenizacji oraz
zastosowana moc ultradzwiekéw, moze wpltywa¢ na rezystancj¢ powierzchniowg oraz

transmitancj¢ otrzymanych warstw?

Jako materiat do badan wybrano grafen turbostratyczny (G1B, Cambridge Nanosystems Ltd) o
rozmiarach ptatkéw (150-500 nm). Zauwazono, ze w przypadku matych rozmiaréw platkow
grafenowych ultradzwigki nie wplywaja na zmiang¢ ich rozmiaru, co w znaczacym stopniu
utatwia analize¢ otrzymanych wynikow. Przygotowano dwie zawiesiny grafenu w
dichlorometanie (DCM) o identycznym st¢zeniu, ktore nast¢pnie byly wystawione na dzialanie
ultradzwigkéw o mocy 60 W 1 20 W, przez czas wynoszacy odpowiednio 120 min 1 180 min.
Zawiesiny grafenu w DCM, o stalej objetosci, wykorzystane do przygotowania warstw

Langmuira byly pobierane w $cisle okres§lonym czasie.

Warstwy wytworzono poprzez nakropienie pobranej zawiesiny na powierzchni¢ wody, a po
odparowaniu rozpuszczalnika warstwy sprezano. Podczas kompresji warstw rejestrowane byly
izotermy II-A, na podstawie ktorych obliczono moduty kompresowalnosci. Dla wszystkich
wykonanych pomiaréw zaobserwowano niemal identyczne zalezno$ci modutu kompresowalnos$ci
od ci$nienia powierzchniowego. Maksimum modutu kompresowalnosci wynoszace okoto 120
mN m’ wystepowalo przy ci$nieniu powierzchniowym wynoszgcym 40 mN m™. Warstwy
przeniesiono na podioza kwarcowe metoda Langmuira-Schaefera przy stalym ci$nieniu
powierzchniowym odpowiadajagcym maksimum kompresowalno$ci. Zaobserwowano, ze wraz z
wydluzajacym si¢ czasem homogenizacji ultradzwigkowej zawiesiny, powierzchnia warstw
stopniowo rosnie przy stalym ci$nieniu powierzchniowym. Zmiana powierzchni warstwy
zwigzana byla stopniem dyspersji grafenu, co potwierdzity wyniki badan morfologii warstwy
uzyskane za pomoca mikroskopii elektronowej oraz spektroskopii absorpcyjnej w zakresie UV-

Vis.

W celu doktadniejszego okreslenia wplywu procesu homogenizacji ultradzwigkowej zawiesiny
grafenu na wilasciwosci optyczne oraz gegstos¢ upakowania jego ptatkéw w warstwie wykonano
pomiary transmitancji warstw w zakresie UV-Vis. Najwyzsze wartosci transmitancji warstw

wynoszace 82,6 % (60 W) 1 77,7 % (20 W) zaobserwowano przy dlugosci fali 550 nm. Na
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podstawie warto$ci transmitancji oszacowano liczbe ptaszczyzn grafenowych w warstwie, ktora
miescita si¢ w przedziale od 23,2 do 10,8 oraz od 12,8 do 8,2 dla mocy ultradzwigkéw

wynoszacych odpowiednio 20 Wi 60 W.

Zalezno$¢ rezystancji powierzchniowej od czasu trwania procesu homogenizacji zawiesiny miata
charakter nasyceniowy dla mocy ultradzwieckéw wynoszacej 20 W. Z kolei dla mocy
ultradzwigkdéw wynoszacej 60 W zaobserwowano stopniowy wzrost rezystancji powierzchniowej
wraz ze wzrostem czasu homogenizacji. Najnizsze wartosSci rezystancji powierzchniowej
wynoszace 68 kQ kw™' oraz 87 kQ kw' zaobserwowano dla mocy ultradzwickow wynoszacej

odpowiednio 20 W1 60 W.

Na podstawie wynikow uzyskanych za pomoca spektroskopii rozproszenia Ramana, tj. potozenia
oraz szeroko$ci polowkowej pasma 2D okreslono, ze ptatki grafenowe sktadaty si¢ z dwodch
warstw. W celu wyjasnienia przyczyn wzrostu rezystancji powierzchniowej warstw, obliczono
takze stosunki intensywnos$ci integralnych pasm D do G oraz pasm D’ do D i stwierdzono, ze
czas homogenizacji nie wpltywa na ilo§¢ defektoéw niezaleznie od zastosowanej mocy
ultradzwigkdéw. Natomiast, zastosowanie ultradzwigkow o mocy 60 W powoduje zmiang

dominujgcego rodzaju defektow w strukturze ptatkow z wakansow na defekty o hybrydyzacji sp’.

W pracy [Rytel PCCP 2020] opisano badania dotyczace wplywu $rednicy wielo$ciennych
nanorurek weglowych (MWCNT) na wlasciwosci optyczne 1 elektryczne warstw Langmuira-
Schaefera. Srednica jednosciennych nanorurek weglowych (SWCNT) ma znaczacy wplyw na
ich wlasciwosci, natomiast w przypadku MWCNT zmiany te sg bardziej subtelne lub wystepuja
dodatkowe czynniki, ktére moga determinowac ich wlasciwosci. Dobrym przyktadem rédznic
pomiedzy MWCNT a SWCNT jest potozenie pasm m-plazmonowych. Dla SWCNT pasma te
przesuwajg si¢ w strone¢ nizszych energii wraz ze wzrostem $rednicy. Podczas gdy, w przypadku
MWCNT przesunigcie pasm m-plazmonowych moze, ale nie musi wystepowac. Kolejng istotng
kwestig jest mozliwo$¢ otrzymania warstw o mozliwie wysokim stopniu uporzadkowania
(wysokiej anizotropii) w kierunku horyzontalnym. Stosujac metody Langmura mozliwe jest
otrzymanie warstw SWCNT o bardzo wysokiej anizotropii. W przypadku MWCNT, stosujac te
same metody, mozliwe jest uzyskanie warstw o nieznacznym stopniu uporzagdkowania lub nawet

jego braku.
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Celem przeprowadzonych badan byto uzyskanie odpowiedzi na nastepujace pytania:

e Jaki jest wplyw srednicy MWCNT na wiasciwosci mechaniczne warstw?

e (Co powoduje przesuniecie pasm n-plazmonowych dla r6znych rodzajow MWCNT?

e Co powoduje, ze anizotropia warstw SWCNT jest znacznie wicksza od tej obserwowanej
dla MWCNT?

e Jaki jest wptyw $rednicy MWCNT na rezystancje¢ powierzchniowg oraz transmitancje

warstw?

Jako materiat do badan wybrano MWCNT (Carbon Nanotubes Plus) charakteryzujace si¢
polozeniami maksimum rozkladu statystycznego $rednic wynoszacymi 8,86+0,45 nm,
11,19+0,33 nm, 15,81+£0,28 nm, 16,19+0,37 nm oraz 18,1+0,5 nm. Rozktad statystyczny $rednic
wyznaczono na podstawie pomiarow TEM dla préby statystycznej w przedziale od 100 do 200
pomiaréw. Pomiary te umozliwily takze wyznaczenie $rednic wewngtrznych MWCNT. Dla
wszystkich badanych materiatéw stosunek $rednicy wewnetrznej do zewngtrznej wynosit okoto

0,3.

Wszystkie zawiesiny MWCNT przygotowano stosujac identyczny czas oraz moc ultradzwickow
(20 min, 60 W). Stezenie MWCNT dobrano w taki sposdb, aby po nakropieniu 10 ml zawiesiny
mozliwe bylo wytworzenie warstwy o powierzchni wynoszacej 200 cm® przy ciSnieniu
powierzchniowym 37,5 mN m™. Podej$cie to umozliwito uzyskanie powtarzalnych wynikow
podczas dalszych badan warstw. Pomiary ci$nienia powierzchniowego w funkcji powierzchni
przypadajacej na pg MWCNT (izotermy II-A,) wykonano jednoczesnie dla dwoch wzajemnie
prostopadtych kierunkéw ulozenia ptytki Wilhelmiego. Na podstawie izoterm II-A, obliczono
moduly kompresowalnosci warstw, co pozwolito na dobranie optymalnego ci$nienia
powierzchniowego do transferu warstw na podloza state. Zaobserwowano wyrazng zaleznos¢
zaroOwno ksztattu izoterm I1-A, jak 1 warto$ci modulu kompresowalnosci od kierunku utozenia
ptytki Wilhelmiego. Badania wlasciwos$ci mechanicznych warstw rozszerzono wykorzystujac
metode oscylujacych barier i wyznaczono wartosci zespolonych modutow kompresowalno$ci
oraz zespolonych modulow $cinania. Zaobserwowano wzrost wartoSci parametrow

mechanicznych warstw wraz ze wzrostem srednicy MWCNT..
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Wykorzystujac  skaningowa mikroskopi¢ elektronowa okreslono morfologi¢  warstw
wytworzonych na podtozach statych. Zaobserwowano, ze wraz ze wzrostem srednicy MWCNT
rosnie gesto$¢ ich upakowania w warstwie, natomiast nie wykazano wyrazniej anizotropii

utozenia MWCNT w badanych warstwach.

Dla warstw na podlozu staltym zarejestrowano takze widma absorpcji w zakresie UV-Vis, w
swietle spolaryzowanym i niespolaryzowanym. Zaobserwowano wyrazng zalezno$¢ potozenia
maksimum absorpcji od s$rednicy MWCNT. Wydaje si¢, ze najbardziej prawdopodobng
przyczyng przesuni¢cia maksimum absorpcji jest zmiana grubosci $cianki badanych MWCNT.
Wraz ze wzrostem grubo$ci $cianki MWCNT przesunigciu ulega nisko-energetyczna sktadowa
pasma m-plazmonowego. Dodatkowo, podczas badan w $wietle spolaryzowanym zaobserwowano
réoznice w warto$ciach transmitancji warstw oraz polozen maksimum pasm absorpcji w
zaleznosci od kierunku polaryzacji $wiatla. Analiza wynikow sugeruje istnienie niewielkiej

anizotropii utlozenia MWCNT w warstwach na podiozach statych.

W celu uzyskania dodatkowych informacji o wilasciwosciach anizotropowych, dla badanych
warstw zmierzono rezystancje powierzchniowa w dwoch wzajemnie prostopadtych kierunkach.
W celu minimalizacji wptywu zanieczyszczen, warstwy wygrzano w atmosferze argonowej pod
obnizonym cisnieniem, co zgodnie z oczekiwaniem spowodowato spadek wartosci rezystancji
powierzchniowej. Analiza widm Ramana potwierdzita, ze ilo$¢ defektow nie miata wptywu na
uzyskane warto$ci rezystancji powierzchniowej. Najnizsza rezystancj¢ powierzchniowg
(35,8£2,4 kQ/kw) zaobserwowano dla MWCNT o $rednicy 11 nm. Warto$¢ anizotropii
elektrycznej otrzymanych warstw oszacowano na podstawie stosunkéw warto$ci rezystancji
powierzchniowej dla dwdch wzajemnie prostopadtych kierunkow. Najwyzsza warto$¢ anizotropii
elektrycznej warstw wynoszaca 2,5+0,3 zaobserwowano dla MWCNT o $rednicy 11 nm.

Warstwy MWCNT o $rednicach 16 nm i 18 nm uznano za izotropowe.

Na podstawie obliczonych wartosci anizotropii elektrycznej oraz wartosci zespolonych modutow
scinajacych udowodniono, ze gldéwnym czynnikiem uniemozliwiajagcym uzyskanie wysokiej
anizotropii ulozenia MWCNT w warstwach s3 odksztalcenia plastyczne w  kierunku

prostopadtym do kierunku kompresji warstwy.
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W pracy przeanalizowano takze mozliwo$¢ zastosowania wytworzonych warstwy jako
transparentnych elektrod. Na podstawie otrzymanych wynikéw wydaje si¢, ze najlepsze do tego
celu bedg warstwy utworzone z MWCNT o jak najmniejszych s$rednicach. W przypadku
stosowania MWCNT o matych $rednicach, zalecane jest stosowanie procesu wygrzewania
warstw, aby uzyska¢ dla nich mozliwe najnizsza rezystancj¢ powierzchniowa. Ponadto, uzyskane
wyniki pokazaly, Zze jesli uda si¢ wytworzy¢ warstwy o bardzo wysokiej anizotropii utozenia
MWCNT, to mozliwe jest otrzymanie warstw MWCNT o rezystancji powierzchniowej mniejszej

niz 100 Q kw™' i transmitancji okoto 90 %.

W pracy [Rytel JoML 2022] opisano wplyw ftalocyjaniny cynkowej (FC) na wilasciwosci
optyczne i elektryczne warstw MWCNT. W badaniach opisanych powyzej wykazano, ze wartos¢
transmitancji warstw nanomateriatdw weglowych wytworzonych za pomoca metod Langmuira
moze by¢ zbyt niska, aby mozliwe bylo zastosowanie ich jako transparentnych elektrod.
Zwigkszenie warto$ci transmitancji warstw nanomaterialdw weglowych mozliwe jest, jesli
zwigkszeniu ulegnie odleglo$¢ pomigedzy nanomateriatami weglowymi, przy jednoczesnym
zachowaniu mozliwie duzej liczby potaczen elektrycznych miedzy nimi. Efekt ten mozna
uzyska¢ na przyktad poprzez obnizenia ci$nienia powierzchniowego, przy ktorym warstwa jest
przenoszona na podioze state. Niestety, stosujac to podejScie mozliwe jest uzyskanie wzrostu
warto$ci transmitancji tylko w niewielkim zakresie. Alternatywa metoda uzyskania wyzszych
warto$ci transmitancji jest wprowadzenie w strukture warstwy dodatkowych (najlepiej w petni
transparentnych) materiatow. Jednakze, taka modyfikacja struktury moze spowodowaé wzrost
wartosci rezystancji powierzchniowej warstwy dwuskladnikowej. Aby proces modyfikacji
wykona¢ 1 uzyska¢ oczekiwane efekty, nalezy wczesniej zbada¢ i zrozumie¢ oddziatywania

pomiedzy sktadnikami warstwy. W zwigzku z tym przeprowadzono badania, ktore miaty na celu:

e Wykazanie, ze na podstawie analizy izoterm II-A, mozliwe jest wyznaczenie sily oraz
kierunku oddziatywan pomiedzy sktadnikami warstwy;

e Sprawdzenie, czy mozliwe jest okreslenie, ktore grupy chemiczne ftalocyjaniny cynkowe;j
odpowiedzialne sg za oddziatywania z MWCNT;

e Zbadanie, czy oddziatywania pomiedzy skladnikami warstwy wptywaja na jej

morfologi¢;
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e Okreslenie jak stezenie barwnika wplywa na warto$ci transmitancji 1 rezystancji

powierzchniowej warstw.

Jako materiaty do wytworzenia warstw wybrano MWCNT o rozktadzie statystycznym s$rednic w
przedziale od 6 nm do 9 nm (Sigma-Aldrich) oraz 2,9,16,23-tetra-tert-butyl-29H,31H-
ftalocyjaning cynku (Sigma-Aldrich). Rola MWCNT w warstwie bylo przewodzenie tadunku
elektrycznego. Natomiast, PC zostala wybrana do pelnienia roli separatora MWCNT w
warstwach Langmuira w celu zwigkszenia ich transmitancji. PC w monowarstwach wykazuje
wysoka transmitancj¢, a dodatkowo charakteryzuje si¢ wydajng fluorescencja, co stwarza
mozliwosci  zastosowania mikroskopii fluorescencyjnej w celu rozszerzenia badan morfologii

warstw.

Do badan przygotowano zawiesing MWCNT (20 pg ml™") oraz roztwor PC (160,4 ug ml™') w
dichlorometanie, ktére wykorzystano do wytworzenia dziewigciu mieszanin o stosunku masy
MWCNT do PC w przedziale od 0 do 1. Mieszaniny te wykorzystano do utworzenia warstw na
granicy faz woda-powietrze, dla ktorych zarejestrowano izotermy I1-A.. Na podstawie izoterm I1-
A: wyznaczono zalezno$¢ modulu kompresowalnosci od ci$nienia powierzchniowego,
nadmiarowe energie Gibbsa, powierzchnie nadmiarowe oraz utamki powierzchniowe zajmowane

przez skladniki mieszaniny.

Potozenie maksimum modutu kompresowalnosci pozwolilo na okreslenie optymalnego ci$nienia
przenoszenia  warstwy. Warstwy przenoszono przy ci$nieniach  powierzchniowych
odpowiadajagcych potozeniu maksimum modutu kompresowalnosci, ktére zmieniato si¢ w
zalezno$ci od sktadu mieszaniny. Zastosowane podejScie zapewnito mozliwie wysokie

upakowanie MWCNT oraz PC, zapobiegajac jednocze$nie tworzeniu si¢ wielowarstwy.

Dla badanych mieszanin, problematyczne okazalo si¢ obliczenie nadmiarowych energii Gibbsa,
ze wzgledu na to, ze do obliczen konieczna jest znajomos¢ stezenia molowego poszczegdlnych
sktadnikow. Niestety niemozliwe byto precyzyjne okreslenie stgzenia molowego zawiesiny
MWCNT, dlatego rozwiazano ten problem wykorzystujac do obliczen stezenia masowe zamiast
molowych. Konsekwencja tego podejscia jest zmiana jednostki nadmiarowej energii Gibbsa z [J /

molekule] na [J / jednostke masy sktadnikow mieszaniny].
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Zaproponowano takze, metod¢ obliczania utamka powierzchniowego zajmowanego przez
wybrany sktadnik mieszaniny (AF) na dowolnym etapie kompresji warstwy oraz przy dowolnym
sktadzie mieszaniny. Do obliczenia wartosci AF konieczna jest znajomos$¢ parametrow warstwy
referencyjnej (wspotczynnik wypelnienia oraz powierzchnia na jednostk¢ masy wybranego
sktadnika mieszaniny). Zastosowanie tej metody w znaczacy sposob utatwia i przys$piesza analizg
wynikdw wymagajacg okreslenia, jakg cze$¢ powierzchni warstwy zajmuje kazdy z jej

sktadnikow.

Na podstawie analizy wartos$ci opisanych powyzej parametrow wyjasniono, jaki wptyw maja
oddziatywania pomi¢dzy PC 1 MWCNT na formowanie si¢ warstwy. Proces wypelniania
warstwy MWCNT przez PC mozna podzieli¢ na trzy etapy. Dla niskich stezen barwnika
dominujace sg sity odpychajace pomigdzy grupa tetr-butylowa barwnika a MWCNT, co
powoduje, ze PC rozmieszczona jest regularnie wewnatrz warstwy. Dla $rednich ste¢zen barwnika
dominujace staja si¢ oddzialywania przyciagajace pomiedzy makrocyklem PC a MWCNT i
obserwuje si¢ powstawanie inkluzji barwnika w warstwie (klastréw). Wraz z dalszym wzrostem
stezenia PC dochodzi do wzrostu rozmiaréw inkluzji, co w konsekwencji prowadzi do
utworzenia ciggtej warstwy PC. Wnioski te zostaty takze potwierdzone badaniami za pomocg
mikroskopii elektronowej oraz mikroskopii konfokalnej (w trybie materialowym oraz

fluorescencyjnym).

Wykonane zostaty roéwniez badania optyczne i elektryczne wytworzonych warstw mieszanych.
Zgodnie z oczekiwaniami, zaobserwowano wzrost warto$ci rezystancji powierzchniowej oraz
transmitancji w zakresie UV-Vis wraz ze wzrostem st¢zenia barwnika w warstwach. Na
podstawie zaleznosci rezystancji powierzchniowej od stezenia MWCNT wyznaczono progi
perkolacji elektrycznej. Wykazano, ze stosujac metody Langmuira do wytworzenia warstw
mozliwe jest wzglednie tatwe wyznaczenie progéw perkolacji wyrazonych za pomoca trzech
roznych jednostek tj.: ulamka masowego, ulamka powierzchniowego oraz gestosci
powierzchniowej materialu przewodzacego. W przypadku innych metod, wyznaczenie progu
perkolacji wyrazonego jako utamek powierzchniowy moze by¢ niezwykle skomplikowane lub
niemozliwe zwlaszcza, gdy trudno jest odr6zni¢ materialy wchodzace w sktad warstwy na
podstawie obrazow uzyskanych za pomocg mikroskopii optycznej. Problem ten jednak nie

wystepuje w zastosowanej przez nas metodzie.
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W pracy [Rytel Electr 2016] postanowiono wykorzysta¢ warstwy MWCNT do poprawy
parametrow pracy ogniwa litowo-jonowego. W tym celu zbadano wplyw cienkiej warstwy
MWCNT modyfikujacej kolektor pradowy na podstawowe parametry pracy ogniwa. Baterie
litowo-jonowe s3 powszechnie wykorzystywane do zasilania wigkszosci urzadzen mobilnych.
Swoj komercyjny sukces zawdzigczaja w gldwnej mierze wysokiej pojemnosci w stosunku masy
wlasnej oraz wysokiej gestosci pradu wyladowania. Niestety, w wiekszosci przypadkéw wzrost
gestosci pradu tadowania lub wyladowania powoduje obnizenie pojemnosci baterii. Dodatkowo
zbyt wysokie prady fadowania lub wytadowania moga prowadzi¢ do zaptonu baterii. Problemy te
mozna czesciowo wyeliminowaé poprzez redukcje oporéw wewngtrznych urzadzenia.
Najprostszym sposobem na redukcje oporow wewnetrznych baterii jest zwigkszenie ilosci
materiatu przewodzacego w stosunku do masy aktywnej. Ze wzgledu na to, ze materiat
przewodzacy w katodzie nie bierze udzialu w magazynowaniu energii, zwigkszenie jego ilo$ci
powoduje niepotrzebny wzrost masy urzadzenia. W ramach niniejszej pracy doktorskiej podjgto

probe rozwigzania tego problemu.

Jako materiat aktywny katody wybrano litowany tlenek manganu o strukturze spinelu (LiMn,Oy4)
ze wzgledu na to, Ze jest on szczeg6lnie podatny na utrate pojemnosci wraz ze wzrostem gestosci
pradu wyladowania oraz z gruboscig elektrody. Do modyfikacji kolektora pradowego
wykorzystano MWCNT o rozkladzie statystycznym $rednic w przedziale od 6 nm do 9 nm
(Sigma-Aldrich). Modyfikacje kolektora pradowego wykonano poprzez przeniesienie warstwy
MWCNT z granicy faz woda-powietrze na foli¢ aluminiowg za pomoca metody Langmuira-
Schaefera (LS) oraz metody stemplowej (S). Biorac pod uwage stezenie zawiesiny MWCNT oraz
powierzchni¢ zajmowang przez warstw¢ w momencie transferu na podloze state, oszacowano jej

gestos¢ powierzchniowg na mniej niz 1 pg cm™.

Dla zbadania wptywu wykonanej modyfikacji na parametry pracy ogniwa, przygotowano kilka
katod o gesto$ci powierzchniowej pokrycia masg aktywna w przedziale od 1,3 mg cm™ do 12,7
mg cm”. Nastepnie, przygotowano ogniwa ze zmodyfikowanym kolektorem pragdowym, ktorych
zatadunek masy wynosit 7,1 mg cm™ dla metody LS i 6,7 dla metody S. Nalezy w tym miejscy
podkresli¢, ze masa MWCNT jest zaniedbywalnie mata w poréwnaniu do masy aktywnej

ogniwa.
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Wszystkie badania otrzymanych katod wykonano w uktadzie dwuelektrodowym w odniesieniu
do litu metalicznego. W pierwszym etapie, wykonano badania chronopotencjometryczne dla
gestosci pradu w przedziale od 30 mA g”' do 400 mA g'. Analiza pordbwnawcza otrzymanych
wynikow wykazala, ze potencjal pracy ogniwa wzgledem litu metalicznego w przypadku
zastosowania kolektora zmodyfikowanego metoda LS nie ulegt zmianie, natomiast w przypadku
modyfikacji S ulegt niewielkiemu wzrostowi. Ponadto, zaobserwowano wzrost potencjatu pracy
ogniwa pomimo nieznacznie wigkszego zaladunku masy aktywnej. Nast¢pnie, na podstawie
profili wyladowania obliczono pojemnosci wlasciwe otrzymanych ogniw. Dla gestosci pradow
wyladowania mniejszych niz 200 mA g nie zaobserwowano znaczgcych rdznic pomiedzy
ogniwami referencyjnymi, a zmodyfikowanym. Modyfikacje ogniw okazaty si¢ skuteczne
dopiero dla gestosci pradu wynoszacej 400 mA g powodujac wzrost pojemnosci wiasciwych o
18% 1 33%, odpowiednio dla modyfikacji LS i S wzgledem ogniwa o podobnym zatadunku masy
aktywnej. Dodatkowg zaleta wprowadzonych modyfikacji byt wzrost energii zgromadzonej w

ogniwach, podczas cyklu tadowania wzgledem pozostatych badanych ogniw.

W celu wyjasnienia przyczyn poprawy parametréw pracy zmodyfikowanych ogniw wykonano
badania za pomocg spektroskopii impedancyjnej. Powodem poprawy parametréw pracy ogniw
byto w glownej mierze obnizenie warto$ci rezystancji przeniesienia fadunku. ObnizZenie warto$ci
tego parametru umozliwito bardziej wydajng migracj¢ jondéw litu do wewnetrznej cze$ci

elektrody.

5. Podsumowanie i wnioski

Przedmiotem badan, w ramach niniejszej rozprawy doktorskiej, byly warstwy nanomateriatow
weglowych na granicy faz woda-powietrze oraz na podlozach stalych. Badania miaty na celu
obnizenie rezystancji powierzchniowej warstw oraz zwigkszenie ich transmitancji w zakresie
UV-Vis. Na podstawie wynikow badan okreslono, jak wybrane elementy procesu przygotowania
i kompozycji warstw wpltywaja na ich wlasciwosci optyczne, mechaniczne i elektryczne oraz
pokazano mozliwo$¢ zastosowania warstw z nanomaterialow weglowych w ogniwach litowo-

jonowych.
Najwazniejszymi osiggni¢ciami wynikajagcymi z przeprowadzonych badan sa:
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zwigkszenie pojemnosci wilasciwych ogniw litowo-jonowych poprzez modyfikacje
kolektorow pradowych warstwg MWCNT;

wykazanie, ze wzrost pojemnosci wlasciwych ogniw litowo-jonowych spowodowany byt
obnizeniem ich rezystancji wewnetrznych;

pokazanie, ze zastosowanie zbyt duzej mocy ultradzwigkow podczas przygotowania
zawiesiny wptywa na zmiang¢ hybrydyzacji wigzan C-C w ptatkach grafenowych;
wykazanie, ze konieczne jest poszerzenie analizy widm rozproszenia Ramana o
wyznaczenie stosunku pasm D’ do D, w celu okre$lenia jako$ci badanego grafenu;
optymalizacja procesu homogenizacji zawiesiny nanomaterialow weglowych powodujaca
minimalizacj¢ warto$ci rezystancji powierzchniowej 1 maksymalizacj¢ warto$ci
transmitancji w zakresie UV-Vis warstw MWCNT;

okreslenie wptywu $rednicy MWCNT na warto$ci rezystancji powierzchniowej i wartos$ci
transmitancji w zakresie UV-Vis badanych warstw;

lepsze zrozumienie procesu porzadkowania sie¢ MWCNT podczas procesu ich sprezania
na granicy faz woda-powietrze;

identyfikacja gtownego czynnika uniemozliwiajacego uzyskanie warstw MWCNT o
wysokiej anizotropii elektrycznej ;

identyfikacja czynnikéw majacych wplyw na polozenie pasm m-plazmonowych warstw
MWCNT;

wykazanie mozliwo$ci poprawy transmitancji warstw MWCNT poprzez wprowadzenie
dodatkowego sktadnika do ich struktury;

okreslenie kierunku oraz warto$ci sit wzajemnych oddziatywan pomigdzy PC a MWCNT;
wskazanie grup chemicznych, w strukturze molekularnej barwnika odpowiedzialnych za
oddziatywanie PC z MWCNT;

okreslenie wplywu oddziatywan pomiedzy MWCNT 1 PC na strukture warstwy;
wyznaczenie progow perkolacji elektrycznej dla warstw mieszanych MWCNT/PC;
opracowanie metody wyznaczania utamka powierzchniowego zajmowanego przez kazdy
ze sktadnikow warstwy;

okreslenie wptywu stezenia barwnika na otrzymane warto$ci transmitancji 1 rezystancji

powierzchniowej warstw.
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Podsumowujac, opisane w rozprawie doktorskiej badania i ich wyniki dostarczyly waznych
informacji na temat wlasciwosci warstw utworzonych z nanomateriatow weglowych, ktére sg
szczegOlnie istotne z aplikacyjnego punktu widzenia. Wykazano praktyczng mozliwosé
wykorzystania badanych warstw do poprawy parametrow pracy ogniw litowo-jonowych.
Zrozumienie jaki wptyw ma procesu homogenizacji ultradzwigckowej na wtasciwos$ci materiatow
weglowych pozwolito na optymalizacje¢ tego procesu. Podczas badan wykazano po raz pierwszy,
ze Srednica MWCNT ma istotne znaczenie jako parametr determinujacy wlasciwosci warstw
wytwarzanych z nanorurek. Lepsze zrozumienie procesu porzadkowania MWCNT podczas ich
kompresji na granicy faz woda-powietrze pozwolilo na wytyczenie nowych kierunkéw badan
majacych na celu zwigkszenie anizotropii otrzymanych warstw. Natomiast, wyniki badan
dotyczace wplywu PC na formowanie si¢ warstw MWCNT pokazaly nie tylko mozliwos¢
zwigkszenia transmitancji otrzymanych warstw, ale tez dostarczyly informacji pozwalajacych na
zrozumienie oddzialywan pomigdzy barwnikiem i1 nanorurkami. Rozszerzenie mozliwos$ci
analizy nadmiarowych energii Gibbsa dla materialdow o nieznanej masie molowej, pozwoli na
zastosowanie jej do poszukiwania lepszych dyspersantow nanomateriatlow, dla ktérych
szczegolnie trudne jest okreslenie masy molowej. Dodatkowo, zaproponowana metoda okre$lania
utamkow powierzchniowych zajmowanych przez kazdy ze sktadnikéw mieszaniny w znaczacym
stopniu ufatwi wyznaczanie progéw perkolacji, co moze przyczyni¢ si¢ do redukcji ilosci

zastosowanych nanomateriatow.
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Ultrasonic homogenization is the method of choice for producing and dispersing graphene. In this paper,
we show that sp® hybridization defects introduced by long high-power sonication cause a significant
decrease in electrical conductivity. In order to show this, two turbostratic graphene (TG) dispersions were
sonicated at two power settings of the tip sonifier at 20 W and 60 W, and for different periods varying
from 1 min to 180 min. Afterwards, TG thin films were prepared by the Langmuir technique and
transferred onto a quartz substrate by the Langmuir—Schaefer method. The thin films were investigated by
electrical conductivity measurement, UV-VIS, Raman spectroscopy and scanning electron microscopy. We
found that the relative performance of the TG thin films in terms of transparency and sheet resistance was
higher than that for similarly prepared pristine graphene flakes, reported in our previous work. Moreover,
despite the increase in transmittance, the electrical conductance significantly decreases with the time of
sonication, especially for the 60 W sonication power. The results of Raman spectroscopy indicate that this
particular behavior can be explained by the introduction of sp® hybridization defects into the TG flakes
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rsc.li/pccp during high power sonication.

Introduction

Graphene has attracted wide interest owing to its remarkable
mechanical, electrical and thermal properties, which make it
promising for low cost transparent electrodes and electrical
devices, or as an efficient reinforcement in composite materials."
Defect-free monolayer graphene flakes are characterized by
ballistic electrical conductivity. However, the production and
application of monolayer graphene is complex and very expensive.*
On the other hand, making few-layer graphene flakes is cheaper
and simpler. Unfortunately, an increase in the number of
graphene layers modifies the dispersion of electronic states,
which leads to opening of the band gap. Therefore, the electrical
transport is disturbed causing deterioration in the parameters of
electrical devices made from few-layer graphene.” However, if the
subsequent layers are twisted relative to each other, so-called
turbostratic graphene (TG) is formed, which is characterized by
an electronic structure similar to that of a single layer of
graphene, leading to restoration of the ballistic transport.®”
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Several methods have been proposed for the production of
graphene layers. The best quality layers are obtained by sophis-
ticated methods, such as mechanical exfoliation, epitaxial growth
or molecular beam assembly, but high production costs still
restrict their use to specialized applications.>® On the other
hand, many authors have focused on cheaper and potentially
scalable methods, such as spin-coating, spray-coating, transfer
printing, and the Langmuir-Schaefer and Langmuir-Blodgett
methods."" "> The advantage of using Langmuir deposition
techniques is the ability to precisely control the film density
and structure.'*™"” However, Langmuir deposition techniques
are highly dependent on the quality of the used suspension.
Thus, we have decided to use the Langmuir-Schaefer deposi-
tion technique to study the influence of the graphene sonica-
tion process on the TG film properties.

While most applications do not employ graphene disper-
sions directly, many of them require graphene to be dispersed
at some stage of the process (e.g. the deposition of thin films or
composite materials)*®'® and this may lead to material damage,
causing deterioration of the electrical properties.>® Three types
of defects can be distinguished: boundary-like defects, vacancy-
like defects, and defects associated with the change in carbon
hybridization from sp” to sp.>*' The sonication process should
be sufficient to properly disperse graphene, while at the same
time being minimally invasive, so that the structure of the
graphene flakes is not damaged.
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Moreover, the most common parameter used for the evalua-
tion of the quality of graphene flakes is the D to G peak intensity
ratio in Raman spectroscopy, which can be misinterpreted.
Usually, a lower D to G ratio corresponds to a greater distance
between defects, but when the mean distance between defects
reaches about 3 nm, the ratio begins to decrease.”>>* Thus, a low
value of the D to G peak intensity ratio is insufficient to estimate
the quality of graphene flakes. Therefore, the graphene samples
prepared using high-power ultrasonic homogenization can be
incorrectly interpreted as low defect flakes. The aim of this
research is to investigate the influence of the power and time
of sonication on the electrical and morphological properties of
TG thin films. Moreover, we would like to draw attention to the
impact of ultrasonic homogenization on the graphene flake
quality, which cannot be neglected.

TG thin films were prepared by the Langmuir technique and
transferred onto a quartz substrate by the Langmuir-Schaefer
method. We found that the optoelectronic quality of the
transparent electrode obtained for the TG thin films decreases
significantly with the time of sonication, due to a significant
drop in electrical conductance, especially for the sample soni-
cated at 60 W power. In this paper we have used the D and D’
peak integral intensity ratio to explain the optoelectronic
quality changes. The results of the Raman spectroscopy studies
indicate that this particular behavior can be explained by the
introduction of sp® hybridization defects into the TG flakes
during high power sonication.

Materials and methods
Materials

In this work thin films of turbostratic graphene of flake size
150-500 nm (G1B, Cambridge Nanosystems Ltd) were investi-
gated. A suspension was prepared by adding 13.33 mg of
graphene powder to 200 ml of spectrally pure dichloromethane
(DCM). Then, the sample was sonicated. Ultrasonication was
carried out by a probe sonicator (Hielscher 400St, 24 kHz) in an
ice bath to minimize solvent evaporation. Two suspensions
were prepared with the use of different sonication powers. The
first suspension was sonicated by a 3 mm diameter sonotrode
at 20 W power and the second suspension was sonicated by a
14 mm diameter sonotrode at 60 W power. The suspension was
sonicated for a preset period of time (Fig. 1) and then 10 ml of
suspension was collected for thin film preparation. Afterwards,
the sonication process was repeated for the remaining suspen-
sion, for the next preset time period, as presented in Fig. 1.
Finally, the total sonication time, after a few repetitions, reached
120 min and 180 min, for the sonication powers of 20 W and
60 W, respectively. The suspension volume changed during each
sonication step. The power densities and the corresponding time
intervals are given in Fig. 1 illustrating the sample preparation
procedure. Furthermore, in order to prevent misunderstanding,
we decided to label the samples according to the power and
total time of sonication. The labels are also given in Fig. 1.
It should be mentioned that the sample labels refer to the
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Fig. 1 Sonication history of the samples; in the sample labels the sonica-
tion power is followed after the slash by a number that stands for the total
time of sonication.

prepared TG suspensions and also to the films obtained using
these suspensions.

Film preparation

The TG thin films were obtained on a KSV instruments Ltd 2000
Langmuir-Blodgett System with a Teflon trough of 750 cm?” area
(15 cm x 50 cm), under laminar flow at a stabilized temperature
of 20 + 0.5 °C. In our experiments the subphase was deionized
water (electrical resistivity 18.2 MQ cm) obtained with an
ultrapure water purification system (Millipore Corp.). To obtain
a floating film, 10 ml of the TG suspension was carefully spread
onto the subphase and DCM was allowed to evaporate. The
floating film was compressed symmetrically from both sides at
a rate of 150 mm” min~ " of surface compression change. The
layers were transferred onto a quartz substrate (76 mm X
26 mm) by horizontal transfer, carried out by removal of the
substrate from the subphase, in a similar way as in previous
studies.”*>° The substrate was removed at a constant speed of
1 mm min . Before transfer, the floating films were relaxed at a
specified surface pressure for 30 min to obtain a uniform layer.

Experimental methods

The electrical resistance measurements (Keithley 2400-LV) were
performed using a standard two-probe method. The contacts
were made of silver wire (diameter 250 pm) and they were
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attached to the sample using silver paint. Measurements for
each film were made at 12 different locations and the measure-
ment uncertainty was calculated as the standard deviation.
A Cary 4000 spectrophotometer (Varian) was applied for the
recording of transmission spectra in the range of 220-900 nm.
Transmission measurements were repeated several times at
different sites of the samples and no difference was observed,
which proves the uniform coverage of the substrates. The SEM
images were recorded by means of an FEI Nova NanoSEM 650
scanning electron microscope operating at 5 kV in immersion
mode. The Raman spectra were collected with a Jobin Horiba
LabRAM HR 800 spectrometer connected with a CCD detector,
in the 1200-1800 cm ™" and 2000-2800 cm ™' range. During the
measurements, a 633 nm He-Ne laser excitation line was used.
To avoid degradation of the samples, the laser power at the
sample was below 1 mW.

Thermodynamics of Langmuir films

The surface pressure (n) vs. area (4) isotherms was recorded
during the film compression (Fig. 2) to provide repeatability of
the transferred layers. The compressibility modulus C; " was

calculated as:?"*®
dn
d4)’

where n is the pressure and A is the trough area. The surface
compressibility modulus of an insoluble layer is a measure
of the film stiffness. The compressibility modulus vs. surface
pressure is shown in the inset of Fig. 2. The increase in the
compressibility modulus corresponds to stronger interaction
between the graphene flakes. It reached a maximum value at
about 40 mN m ™" of surface pressure. At higher surface pressure,
the film started to crack and overlap, causing the surface com-
pressibility module to decrease. A similar effect was observed and
explained for graphene oxide layers.”**° The dependence of the
surface compressibility module on the surface pressure did not
change in the range of surface pressure from 0 mN m™ ' to
40 mN m™ " either with the time of sonication or its power. The
surface pressure of 40 mN m ™" for transferring the layers was
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Fig. 2 The n—A isotherm of the TG film and compressibility vs. surface
pressure (inset).
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Fig. 3 Area occupied by the graphene film at a surface pressure of
40 mN m™ at various sonication times.

chosen because it ensures the best homogeneity with the lowest
surface resistance.

The area occupied by the TG films at the surface pressure of
40 mN m™" for all tested samples is shown in Fig. 3. The area
occupied by the TG film increased with increasing sonication
time for both sonication powers. At the sonication power of
20 W, nonlinear changes in the area occupied by the TG films
can be observed. The character of these changes implies that the
material becomes better dispersed with increasing sonication
time. The evaporation process was reduced by decreasing the
solvent temperature in the ice bath. The suspensions obtained at
20 W sonication power and a time longer than 120 min occupied
too large an area of the Langmuir trough to obtain repetitive
results.

TG film morphology

The graphene layers prepared from suspensions made at dif-
ferent sonication powers (20 W and 60 W) for various sonica-
tion times, were transferred onto quartz substrates. Then, they
were studied by SEM (Fig. 4). Sample 60 W/1 showed a small
amount of agglomerated TG on the substrate, as well as some
uncovered spots of the substrate. After 20 min of sonication
(sample 60 W/20), the amount of agglomerates dropped signifi-
cantly, but a longer sonication time only slightly improved the
TG dispersion. Samples 60 W/60, 60 W/120 and 60 W/180 were
more uniformly dispersed, without any large graphene agglo-
merates, but some uncovered areas were also found. A more
significant difference in layer uniformity in the samples
obtained for different sonication times was observed for layers
prepared with the sonication power of 20 W. After 2 minutes of
sonication (sample 20 W/2), large agglomerates and many
uncovered areas were visible and distinctly broader than those
for sample 60 W/1. The layer uniformity was improved after
20 minutes of sonication (sample 20 W/20), although some
smaller agglomerates were still visible. For samples 20 W/60
and 20 W/120, no further changes were observed. The longest
sonication time resulted in a similar morphology to the layers
obtained at 20 W and 60 W sonication power. Because most of
the TG flakes can overlap, it was impossible to determine
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Fig. 4 SEM images of the TG layers transferred onto quartz substrates;
the scale bars represent 5 um.

accurately their size, but the visible flake sizes in all samples
were within the size range given by the manufacturer. All SEM
images of the TG layers at three different magnifications are
shown in the ESIt (Fig. S1 and S2).

Optoelectrical properties

In order to determine the optical properties of the TG layers, the
transmittance at 550 nm was recorded (Fig. 5A). The transmit-
tance spectra in the range of 220-900 nm for the longest and the
shortest sonication times are shown in the ESIT (Fig. S3, ESIT). At
a sonication power of 60 W and at a sonication time above
20 min, some minor changes in transmittance (from 80.4 to 82.6)
were observed. The reason was that the TG in the suspension was
almost fully dispersed. A similar value of transmittance has been
observed by other researchers in the Langmuir-Schaefer gra-
phene layers.”> A significant change with time was observed in
the transmittance (from 58.2% to 77.7%) of the samples soni-
cated at 20 W power. The changes tend to saturation and the
layer transmittance after a sufficiently long time should be close
to that of the samples obtained at 60 W of sonication power. To
more accurately analyze the above data, the equivalent average
number of graphene layers, N, per unit area was calculated as:

N =logrs T,

where T is the transmittance of a single graphene layer and T'is
the measured transmittance of the TG film. Taking into
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Fig. 5 Comparison of the optoelectrical properties of the TG films
obtained at various sonication powers and times: transmittance (A),
surface resistance (B) and direct current conductivity to optical conduc-
tivity ratio (C) vs. time.

account the T, of 0.977°! and the measured transmittance of
the deposited films, the equivalent average number of graphene
layers decreased with sonication time from 23.2-10.8 and
12.8-8.2 for the samples sonicated at 20 W and 60 W, respec-
tively. However, the equivalent average number of graphene
layers does not reflect the number of layers in one graphene
flake (according to the manufacturer, in one flake 3 + 2
graphene layers were measured via TEM and AFM). This is
due to the fact that some of the flakes may be bent or stack on
each other causing overestimation of the calculated equivalent
average number of layers. On the other hand, SEM images
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reveal some uncovered areas which contributed to a reduction
in this number. Despite these problems, changes in the equiva-
lent average number of graphene layers are a decent approxi-
mation of the packing density.

The conclusion that arises from the presented data is that
for samples 60 W/1 and 20 W/40, a similar optoelectrical quality
can be expected. Moreover, minor changes in the number of
equivalent graphene layers were observed after the first two
sonication steps (~1 and ~2 for samples sonicated at 60 W
and 20 W power, respectively).

Fig. 5B presents the surface resistivity of the transferred TG
films. For all samples, linear current-voltage characteristics were
observed in the measured current range (from —1 pA to 1 pA).
As expected, the lowest surface resistance of 68 kQ sq ' and
87 kQ sq ' was noted for the 20 W/2 and 60 W/1 samples,
respectively. The surface resistivity of sample 20 W/2 almost
doubled when compared with that of sample 20 W/60, while the
difference in the surface resistivity of samples 20 W/60 and
20 W/120 was within the measurement uncertainty (140 +
10 kQ sq " vs. 147 4+ 11 kQ sq ', respectively). This observation
may be explained by the fact that better electrical conduction
channels were provided by the graphene agglomerates and
together with the better dispersion of TG they were responsible
for the surface resistance increase. A completely different
nature of surface resistivity changes was observed for the
samples sonicated at the power of 60 W. When the sonication
time increased, the surface resistance increased exponentially
throughout the examined time range, reaching the maximum
value of 4100 + 400 kQ sq~'. Taking into account the SEM
images, such a significant change in surface resistivity for the
samples sonicated at 60 W power cannot be explained by the
removed graphene agglomerates.

In order to characterize the relative performance of the TG
films in terms of transparency and sheet resistance, the ratio of
direct current conductivity to optical conductivity was calcu-
lated as:

ooc_ %o
OQP ZRS(T’O'S — 1)

where Z, = 377 Q is the impedance of free space, T is the
transmittance at 550 nm and R, is the surface resistance. The
value of the opc/oop ratio can be used as a parameter to
compare transparent electrodes of different thicknesses and
prepared using different synthesis routes or materials.>® The
higher the opc/oop ratio, the better the quality of the materials
as transparent electrodes. The highest opc/oop ratios of
0.0132 + 0.0007 and 0.0122 + 0.0008 were obtained for samples
60 W/1 and 20 W/20, respectively. According to other studies,
for pristine graphene transferred via Langmuir techniques, the
opc/oop ratios were 0.011 and 0.0004.">°> However, the highest
opcloop ratio of 7.29 was reported for ultra-large graphene
oxide layers after oxide reduction.” Increasing the sonication
time (sonication power of 20 W) causes some minor changes in
the opc/oop ratio. On the other hand, for the sonication power
of 60 W, the opc/oop ratio was decreased by two orders of
magnitude within the studied sonication time range (Fig. 5C).
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This implies that the changes in surface resistivity cannot be
explained by the reduction of graphene agglomerates or by the
equivalent average number of graphene layers.

Raman spectra

To explain the reason for the surface resistance drop at the
sonication power of 60 W, Raman spectroscopy was performed.
The exemplary Raman spectrum of the TG layer with the
highest opc/oop ratio (60 W/1) is presented in Fig. 6. The four
basic graphene peaks, D (~1333 ecm™ '), G (~1585 cm %),
D’ (~1618 cm ') and 2D (~2657 cm™ '), are observed. The D
peak corresponds to the breathing modes of carbon hexagons and
requires a defect for its activation. The G peak can be assigned to
the E,, phonon at the Brillouin-zone center. The D' peak is an
overtone of the D peak. The 2D peak is the second order of the D
peak and originates from the process in which momentum con-
servation is satisfied by two phonons with opposite wave vectors
and no defects are required for their activation. Thus the 2D peak
is always present.>*?

The shape of the 2D peak is symmetrical and it occurs in the
spectra of either the single layer graphene or TG irrespective of
the number of graphene flakes.>""** Its position is ~2670 cm™"
for a single layer of graphene and ~ 2670 cm™ " for a TG layer.”?
The full width at half maximum (FWHM) of the 2D peak for a
single layer was reported as ~30 em™ " and this value increased
with an increasing number of graphene layers reaching 50-55 cm ™"
and 55-58 cm " for bi- and tri-layered graphene, respectively.*?
In the spectrum of the TG layer, its FWHM is almost doubled in
comparison to that of the peak for a single layer of graphene.
Moreover, Kim et al. have reported that the 2D position and
FWHM vary with rotational angle in bilayer TG.** In our work,
the 2D peak position of ~2656 cm™* was observed for the films
obtained at 20 W of sonication power (all peak parameters are
shown in the ESI,;f Table S1). From the comparison of our
results with literature data, it can be concluded that the
positions of the Raman peaks correspond to two TG layers.*®
For the films obtained at 60 W sonication power, the 2D peak
position was upshifted to ~2658 cm™", which suggests that the
average number of graphene layers was slightly greater than

2D

Raman intensity (a.u.)

T T T T T T
1300 1400 1500 1600 2400 2600 2800

Raman shift (cm™)

Fig. 6 Raman spectra of the TG layer characterized by the highest
opc/oop ratio value.
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Fig. 7 The A(D)/A(D’) ratio vs. sonication time.

that for the sample obtained at 20 W, but did not exceed
three.”® Moreover, the 2D peak position did not change with
the time of sonication. For both sonication powers, the FWHM
was in the range of 52-58 cm™ ' (ESI, T Fig. S4). This parameter
decreases with the time of sonication, which may be caused by
the change in the number of TG layers or in rotational angle.
Taking into account the fact that a slight difference between the
data collected for the samples obtained at both sonication
powers was observed and the sonication process may change
the rotational angle and average number of graphene layer, we
can conclude that the changes in the number of graphene
layers were almost identical. In the next step, we analyzed the
influence of defects on the conductivity properties.

The integral intensity ratios of the D and G peaks A(D)/A(G)
(ESLt Fig. S5, ESIT) were used to quantify the defects in the
graphene-related systems. In this work, the A(D)/A(G) ratios
were in the range of 0.8-1.1, irrespective of the sonication
power or time. This implies that the average number of defects
does not increase and changes in the opc/oop ratio were caused
by another effect. According to Eckmann et al, the integral
intensity ratio of the D and D’ peaks A(D)/A(D’) can be used to
probe the nature of the defects in graphene and it does not
change with the number of defects. They found that an
A(D)/A(D’) ratio of ~3.5 was associated with boundary-like
defects. When the number of vacancy-like defects was domi-
nant, this value increased to ~7, reaching a maximum value
of ~13 for dominant defects with sp® hybridization. The
A(D)/A(D’) ratio vs. sonication time is presented in Fig. 7. As it
can be seen, for all samples prepared at 20 W sonication power,
an A(D)/A(D’) ratio of ~8 was observed. Irrespective of the
sonication time, in these samples, the vacancy defects were
dominant, which explains the minor opc/op ratio changes. On
the other hand, for the sonication power of 60 W, this ratio
increased from 8.7 to 11.8, resulting in the lowering of the
opcl/oop value. These changes were caused by the increasing
contribution of sp® hybridization defects in the examined films.
The value of the gpc/oop ratio depends on the type of defects
and not their quantity. Increasing the contribution of sp’
hybridization defects leads to a decrease in the value of the
opcl/oop ratio and an increase in the film’s resistance.
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Conclusions

Two TG dispersions were prepared using two power settings of
20 W and 60 W. Despite the small flake size (150-500 nm), the
TG thin films obtained by the Langmuir method showed
relatively high opc/oop ratios, in comparison to those described
in earlier reports."”** With an increase in sonication time, the
transmittance at 550 nm increased and the electrical conduc-
tance decreased. Thus, the opc/oop ratio was nearly constant,
despite the increasing sonication time. This effect is easily
explained by the SEM images, showing the existence of TG
agglomerates in the samples sonicated for shorter than 60 min.
In contrast, for the samples obtained at 60 W, a longer sonication
time induced a slight rise in transmittance and a significant drop
in electrical conductivity. The sheet resistance increased from
87 4+ 5 kQ sq ! for 1 min sonication, to 4.1 + 4 MQ sq " for
120 min sonication. Therefore, the opc/oop ratio after 120 min of
sonication was equal to (9.5 & 0.6) x 10~ % and (1.18 & 0.05) x 10*
for 20 W and 60 W power, respectively. This particular behavior
of dispersion in the samples obtained at 60 W may not be
described on the basis of the SEM images. However, the
analysis of the A(D)/A(D’) ratio explains that high power sonica-
tion of TG flakes causes the appearance of sp® hybridization
defects, which are responsible for lowering the electrical con-
ductivity of the TG thin films.
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Fig. S1 SEM images of TG films transferred onto quartz substrate after 60 W sonication
power and various sonication time; scale bar represents 1 pm, 2 um and 5 pm left, middle and
right column, respectively



Fig. S2 SEM images of TG films transferred onto quartz substrate after 20 W sonication
power and various sonication time; scale bar represents 1 um, 2 um and 5 um left, middle and
right column, respectively
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Fig. S3 Transmittance spectra of TG films; in sample labels the sonication power is followed

after slash with the number that stands for the total time of sonication

Tab. S1 Raman peak parameters

D G D’ 2D

Sample ¢ A C A C A C A
[em!] | [au. cm'] | [em™] | [a.u. cm™] | [em!] | [a.u. em!] | [em™'] | [a.u. cm!]

20W/2 | 1331 49892 1584 59605 1619 6683 2656 94839
20W/10 | 1330 46669 1583 51889 1618 5677 2656 81779
20W/20 | 1331 49151 1584 47046 1618 5867 2656 72980
20W/40 | 1330 52157 1583 57296 1617 6804 2655 95387

20W/60 | 1330 45830 1582 51839 1617 5330 2656 82275

20W/120 | 1330 42146 1583 40422 1617 5216 2656 69400

60W/1 1331 36558 1584 39726 1618 4193 2657 63454
60W/20 | 1332 19964 1584 22221 1619 1856 2658 33496
60W/60 | 1332 21243 1584 22700 1619 2025 2658 31986

60W/120 | 1332 20773 1584 24771 1619 1917 2658 34658
60W/180 | 1332 24687 1584 31130 1618 2076 2658. 40546

C — peak position, A — integral intensity
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In this paper results of a study of mechanical, optical and electrical properties of thin films made of
multiwall carbon nanotubes (MWCNT) of various types were reported. The MWCNT films were obtained
on quartz substrates using the Langmuir—Schaefer (LS) method. A gradual increase in transmittance was
recorded with decreasing diameters of MWCNT used. Moreover, a blue shift of the n-plasmon band
position was observed with increasing MWCNT diameter. In all tested films, anisotropy of electrical
surface resistivity was revealed, which was more pronounced for MWCNT of low diameters, except for
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the MWCNT sample of the smallest diameters. Results of oscillatory barrier measurements of various
MWCNT films at the air water interface were used to calculate the complex compression and shear
moduli. It is worth emphasizing that the values of these moduli were obtained for the first time for
carbon nanotubes films. Moreover, the obtained results allowed identification of the main factor
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1. Introduction

The remarkable electrical, chemical and thermal properties of
carbon nanotubes (CNT) have been well known for many years
and allow their use in a wide range of applications, such as:
lithium-ion batteries, supercapacitors, chemical sensors, electron
field emitters, field effect transistors, transparent electrodes."”
Depending on the chirality of the single-walled carbon nanotubes
(SWCNT), metallic and semiconducting SWCNT can be distin-
guished. Usually both semiconducting and metallic SWCNT are
obtained simultaneously in the process of synthesis at the ratio
of 1:2, respectively. Although the synthesis and purification
methods currently used allow obtaining SWCNT with specific
chirality, these methods are expensive and the material yield is
low.®° While much research has been focused on application of
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blocking the alignment process, which turned out to be the shear loss tangent.

semiconducting SWCNT in the field effect transistors, the
application of metallic SWCNT still remains insufficiently
explored mainly due to their high production cost. Thus multi-
walled carbon nanotubes (MWCNT) are often used as a cheaper
alternative.

A precondition for the use of CNT in industrial applications
is the possibility to obtain large scale and cheap homogeneous thin
films, which is still problematic. Moreover, the one-dimensional
character of CNT leads to extremely anisotropic mechanical, optical
and electrical properties and most of their desired properties are
better along the tube axis than in the direction perpendicular to the
tube axis orientation.'®™* Two approaches can be applied in order
to achieve horizontally aligned CNT films. The first is the in situ
growth realized by direct growth of aligned CNT induced by arc
discharge and chemical vapor deposition (CVD). The second
approach is applied post synthesis to CNT suspensions in which
the alignment process is realized in the most cases by the use of
shear force, magnetic field, electric field or via barrier movement in
Langmuir techniques.'>"® While the aligned films obtained using
the direct approach are characterized by fewer defects in CNT and
overall better quality, scaling up production and control of packing
density still remains a problem. On the other hand, in the post
synthesis approaches, external materials such as surfactants,
polymers or functionalization of CNT are needed."”"° However,
this approach allows prior modification and/or purification of
the used CNT.

This journal is © the Owner Societies 2020
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One of the most interesting techniques of obtaining anisotropic
CNT films in the post synthesis approach are the Langmuir-
Blodgett (LB) and Langmuir-Schaefer (LS) ones. The advantage
of using Langmuir deposition techniques is the ability to precisely
control the film density, structure and production scalability. In
this case, the alignment process can be carried out by multiple
cycles of compressions and expansions of the film. During
compression and expansion of the film, the drag torque induces
the CNT to be aligned in parallel with respect to the barriers.
Moreover, the CNT orientation can be enhanced by the LB transfer
method in which the substrate is placed in the perpendicular
orientation to the barriers.'® Unfortunately, the LB method is not
suitable for the production of large surface films, especially without
the use of surfactants, therefore the LS method in some cases can be
a better alternative. Although almost perfectly aligned SWCNT were
obtained using Langmuir techniques, MWCNT layers obtained by
the same methods exhibit minor or even no anisotropy.'™'>*%*'
Despite the barely visible alignment of individual MWCNT in the
films, the films exhibit a strong anisotropy of their properties. Thus
in this case it is better to evaluate the anisotropy by investigating the
properties of the layers obtained.

In this study we wanted to find out why SWCNT are easier to
align than MWCNT. To this end we examined mechanical,
optical and electrical properties of thin MWCNT films prepared
using the LS method. We found that electrical anisotropy
increases as the diameter of the used MWCNT decreases.
Interestingly, the electrical anisotropy for the smallest diameter
MWCNT used deviates from the above dependence. In order to
explain this anomaly, oscillatory barrier measurements were car-
ried out. These measurements allowed the calculation of complex
compression and shear moduli for the first time for CNT films.
The obtained results permitted identification of the shear loss
tangent as the main factor blocking the alignment process. In
addition to these experiments we found the reverse m-plasmon
band shift with changing diameter of the used MWCNT. The main
factor causing the band shift was the wall thickness.

2. Experimental section
2.1. Materials

The MWCNT with various diameters were obtained from the
Carbon Nanotubes Plus. The suspensions were prepared by
adding MWCNT powder to 200 ml of spectrally pure dichloro-
methane (DCM). The obtained concentration of MWCNT powder
varied from 23.5 pg ml™" to 66.3 pg ml~" (see Fig. 1). Then, the
samples were sonicated. Ultrasonication was carried out by a
probe sonicator (Hielscher 400St, 24 kHz) in an ice bath to
minimize solvent evaporation. All suspensions were sonicated
by a 14 mm diameter sonotrode at 60 W power for 20 min. Then a
few drops of the suspensions were drop casted on commercially
available CuTEM grids (TedPella). Transmission electron micro-
scopy (TEM) images were obtained with a Jeol ARM 200F micro-
scope operated at 200 kV. The number of nanotubes to determine
the histogram was between 100 and 200 and histograms are
shown in Fig. 1. The obtained results were fitted using the
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Fig.1 TEM images of various diameters MWCNT with samples name
(scale represents 100 nm distance), histograms of measured diameters,
center of mass (D) fitted by lognormal function, ratio of internal to
external diameter (r/R) and the concentration of MWCNT in DCM (C).

lognormal function implemented in Origin 8.1 and the final
results are shown in Fig. 1. All samples were found to be
relatively homogeneous in terms of diameter, except for the
sample labelled as MWCNT 15+ in which a fraction of MWCNT
of larger diameters in the range 25-50 nm was found. This
sample was distinguished by addition of the ‘+’ symbol at the
end of the sample name. The lengths of the all tested MWCNT
were in accordance with the manufacturer’s data and for all
samples were in the range of 0.2-2 pm.

2.2. Film preparation

The MWCNT thin films were obtained using a 2000 Langmuir—
Blodgett System (KSV instruments Ltd) with a Teflon trough of
750 cm® area (15 cm x 50 cm), under laminar flow at a
stabilized temperature of 20 £+ 0.5 °C. In our experiments the
subphase was deionized water (electrical resistivity 18.2 MQ cm)
obtained with an ultrapure water purification system (Millipore
Corp.). To obtain a floating film, 10 ml of the MWCNT suspension
was carefully spread onto the subphase and left for 30 min to allow
DCM to evaporate. The MWCNT concentration was selected in
such a way that 10 ml of the suspension used would make a layer
occupying the area as close as possible to 200 cm? at the surface
pressure of 37.5 mN m ™. This procedure was performed in order
to obtain more repeatable results. The floating film was com-
pressed symmetrically from both sides at a rate of 150 mm” min ™"
of surface compression change. The layers were transferred
simultaneously onto two quartz substrates (7.6 cm X 2.6 cm)
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and aluminum foil (2 ecm x 2 c¢cm) by horizontal transfer. One of
the quartz substrates was placed in parallel and the other in
perpendicular to the barrier. The transfer process was carried
out by removal of the substrate from the subphase, in the same
way as in our previous studies.”>**** The substrate was removed at
a constant speed of 1 mm min . Before the transfer, the floating
films were relaxed at a specified surface pressure for 30 min to
obtain a uniform layer.

2.3. Measurements

A Cary 4000 spectrophotometer (Varian) was used to record
transmission spectra in the range of 190-900 nm. The transmission
measurements were repeated several times at different sites of the
films and no difference between them was observed, which con-
firmed the uniform coverage of all substrates. The electrical resis-
tance measurements were performed using a standard two-probe
method via 2400-LV source meter (Keithley). The contacts were
made of silver wire (diameter 0.25 mm) and were attached to the
film using a silver paint. The electrodes were placed in such a way to
ensure the perpendicular or parallel current flow, with respect to the
position of the barrier at the Langmuir trough (see Fig. 2).
Measurements for each film were made at 12 different locations
for each current flow direction and the measurement uncertainty
was calculated as the standard deviation. After all measurements
for as deposited samples were made, films with electrodes were
annealed. Annealing process was performed for 5 hours in argon
atmosphere under pressure of 1 mbar and at 250 °C and all
electrical and optical measurements were repeated. The film
areas were measured using a laser scanning microscopy LSM
710 (Zeiss) working in the material mode. The SEM images were
recorded by means of the HeliosNanoLab 660 (FEI) scanning
electron microscope operating at 1 kV.

The Raman spectra were collected with a Horiba Jobin Yvon-
LabRAM HR 800 spectrometer connected to a liquid nitrogen-cooled
CCD detector, in the 1200-1800 cm ™" and 2000-2800 cm ™' ranges.
During the measurements, a 633 nm He-Ne laser excitation line was
used. To avoid degradation of the films, the laser power at the film
was kept below 1.5 mW. The spectra were fitted with a Lorentzian
band shape function using the Fityk software.>*

2.4. Oscillatory marrier measurements

For oscillatory barrier measurements, two platinum Wilhelmy
plates were used to measure the surface pressure at the same
time, placed as illustrated in Fig. 2. The floating films were
compressed to the surface pressure value of IT; =37.5 mN m ™"

The amount of used MWCNT suspension was readjusted to

WATER SUBPHASE

Fig. 2 Schematic of Langmuir trough showing Wilhelmy plate configurations;
surface pressure measured in parallel (/1) and perpendicular (IT ) direction with
respect to the barrier position.
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achieve a layer of exactly 200 cm” at this surface pressure. The
surface pressure was maintained for 30 min in order to improve
homogeneity of the layer and to reproduce the same conditions
as used in the transfer process. Then a series of 10 barrier
oscillations at a rate of 20 mHz with a strain of 0.5% (AA/A,,
where AA is the amplitude of the film surface area change and
A, is the film surface area at which changes occur) were
performed and the I1-A (surface pressure vs. area) measurements
were recorded. The strain and pressure were selected to ensure
that during measurements the pressure would not exceed the
value at which the compressibility module starts to decrease to
avoid the risk of the film damage. These measurements were made
several times for each suspension. The obtained results were
within the limits of the calculated measurement uncertainty.

3. Results and discussion
3.1. Thermodynamics of Langmuir layers

In Fig. 3 the surface pressure (IT) in relation to the area per mass
unit of the used MWCNT (4,) was shown (I1-4, isotherms). The
surface pressure was measured simultaneously in the parallel (II;)
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Fig. 3 Dependence of surface pressure measured in parallel (top; I1;) and
perpendicularly (bottom; IT ;) direction on the surface area per 1 pg of
used MWCNT (A,). The inserts contain the compressibility modules of the
corresponding films measured in parallel (top; ;) and perpendicularly
(bottom; ) direction.
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and perpendicular (I7 | ) direction. For the MWCNT suspension
in concentrations lower than those used for further studies, the
I1-A; isotherms were almost identical to those presented in
Fig. 3, which indicates that the material was well dispersed. The
anisotropy of surface pressure with respect to the Wilhelmy
plate position was clearly visible. Almost twice higher surface
pressure was recorded in parallel direction when compared to
that in perpendicular direction in the same area at any given
point for all MWCNT films. The observed difference suggests
that the layer is characterized by a finite shear modulus. With
increasing MWCNT diameters, a significant decrease in A, value
can be observed. It is explained as a result of growing films
density with raising MWCNT diameter and increased empty
spaces in the layer composed of MWCNT with small diameters
(see Fig. 4). In order to determine the repeatable conditions for
transferring process, the compressibility modulus () was calcu-

lated as:*’
oIl
ﬁ - _Ar <8—Ar)

where IT is the surface pressure measured with respect to the
barriers placement and A4, is the trough area per unit mass of
used MWCNT. The compressibility modulus vs. surface pressure
is shown in the insert of Fig. 3. The maximum value of f; was
observed for IT; at about 40 mN m™" regardless of the used
MWCNT material. On the other hand, in perpendicular direction
the maximum value of f#; was measured at a surface pressure
between 20 mN m ' and 23.5 mN m ™" and this value increased
with increasing MWCNT diameter. Therefore, the anisotropy of
the layers should depend on the diameter of the used MWCNT. It
was not possible to define a correlation between the maximum
values of f and MWCNT diameter due to the facts described
below. The compression rate need to be quasi-static since the
value of  does not take into account the influence of dissipative
forces and the existence of a finite shear modulus.”**’

Despite this drawback the compressibility modulus can be
used as an indicator of the Langmuir layers morphology. The
increase in the compressibility modulus leads to obtaining
more densely packed layers, however when the maximum value
of the modulus is exceeded, the layer begins to crack or its
fragments overlap. The surface pressure IT; = 37.5 mN m~ ' was
chosen taking into account the following factors:

1. I1 value at maximum f; was constant irrespective of the
MWCNT diameter in the layers, in contrast to IT, value at
maximum f |, so the constant parameters were chosen which
allows better control of the transfer process,

2. Observed anisotropy increased with increasing surface
pressure so the highest possible IT value was chosen,

3. In order to protect the film against irreversible changes
the oscillatory barrier measurements have to be performed for
I not exceeding 40 mN m™" at any given point. The highest
possible surface pressure ensuring meeting this condition was
37.5mNm .

Results of the oscillatory barrier measurements allow deter-
mination of the complex compression (¢*) and shear (G*)
moduli. The real components represent the energy stored as
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Fig. 4 SEM images of various MWCNT films transferred at surface pres-
sure of 37.5 mN m~* onto aluminum foil (A — MWCNT 9, B — MWCNT 11,
C - MWCNT 15+, D - MWCNT 16, E — MWCNT 18); scale represents 1 um.

purely elastic fraction, while the imaginary components repre-
sent the energy dissipated in system as friction or plastic
deformations. All the components can be calculated using the

following set of equations:*"*®
& + G*| = Al
’ ~ A4
AIl,
* G* _ A
oG = Ay
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Table 1 Mechanical parameters where: ¢* is the complex compression modulus with its corresponding real (¢/) and imaginary (¢”) part and G* is the
complex shear modulus with its corresponding real (G’) and imaginary (G”) part

Film name ¢ [mN m™] ¢ [mN m™] G' [mN m™] G" [mN m ] |e¥ + G*| [MN m™ "] |e* — G*| [mN m™"]
MWCNT 9 171.9 £ 1.3 59.5 + 1.1 71.3 £ 1.1 23.6 £ 1.1 256.6 & 0.9 106.6 £ 0.4
MWCNT 11 171.8 £ 1.2 60.4 £ 1.1 87.6 £ 1.2 25.8 £ 1.1 273.4+£0.8 90.9 £+ 0.3
MWCNT 15+ 250.6 = 1.5 92.7 £ 1.1 97.0 £ 1.4 31.0 £1.1 369.0 +£ 1.1 165.5 £ 0.5
MWCNT 16 296.7 £ 1.5 106.5 £ 1.1 107.2 £ 1.5 37.8 £ 1.1 428.9 + 1.4 201.5 £ 0.5
MWCNT 18 252.5 £ 1.5 99.5 + 1.1 101.2 £ 1.5 39.6 £ 1.1 380.0 £1.2 162.6 = 0.5

& = le %cos <¢, ) + ﬁcos((pL) 3.3. Optical properties
27 A4 1" A4 , , _

In order to determine the optical properties of the MWCNT

, 1 [AI} AIl, layers, the transmittance spectra in the range of 190-900 nm

G =54 [ AA (9”\\ T AA Cos(q’i)} were recorded (Fig. 5). With increasing diameter of MWCNT, the

1 Am . Am, .
G" = EAO {A_AH sin <(PH> - A—;sm(q)ﬁ}

where A, is the constant area of the Langmuir film around
which the surface of AA amplitude is changed, ¢ are the phase
shifts values between barrier motion and its corresponding
surface pressure response AII, with respect to the barriers
placement. The fitting procedure and determination of the
measurements uncertainty was described in detail in ESIf
and all obtained results are summarized in Table 1. Significantly
higher |¢* + G*| and |¢* — G*| values were observed when
compared with f8, and f,, respectively, while maintaining the
trends shown in Fig. 3. The difference between these values was
due to the relaxation process which made the layer more densely
packed. MWCNT of greater diameters are more resistant to
bending than those of smaller diameters, so the mechanical
parameters of the films should increase with increasing MWCNT
diameter. It was observed for all films except that with MWCNT
diameters of 18 nm. However, this might be the effect of slightly
more agglomerated structures in film MWCNT 18 than in film
MWCNT 16 (see Fig. 4).

3.2. Films morphology

Fig. 4 presents SEM images of the MWCNT thin layers transferred
on the aluminum foil. The layers consisted of tangled nanotubes
with barely visible anisotropy of alignment. The individual MWCNT
and nanotubes bundles create disordered nets with multiple carbon
nanotubes junctions. The images show the presence of uncovered
substrate whose area is reduced with growing diameters of nano-
tubes in the films. In other words, the layer packing density increases
with increasing MWCNT diameter. A significant difference in the
packing density can be observed for MWCNT 9 and MWCNT 18
films presented in Fig. 4A and E, respectively. Furthermore, MWCNT
9 and MWCNT 11 films (Fig. 4A and B) have similar arrangement in
shape of loops and bundles with a small curvature. In the films
marked as MWCNT 15+, MWCNT 16 and MWCNT 18 (Fig. 4C-E)
the shapes of MWCNT bundles are much more irregular, when
compared to those in the MWCNT 9 and MWCNT 11 (Fig. 4A and B)
in which smooth loops and twists are much more common.

22384 | Phys. Chem. Chem. Phys., 2020, 22, 22380-22389

transmittance of the obtained film decreased. The lower trans-
mittance of the films consisting of MWCNT of greater diameters
was a consequence of both higher packing of MWCNT in films
and higher probability of light absorption by the material with
greater wall thickness. The obtained spectra showed the bands
assigned to n to ©* interband transitions (400-900 nm) and the
n-plasmon band located in the UV range.*® The position of the
n-plasmon band is related to the carbon nanotubes diameters.
For SWCNT a red shift was observed as the diameters increased.
The energy of the plasmon band is inversely proportional to the
square of the diameter.?® It is a well-known phenomenon and
can be also observed in metallic nanorods.** ™ In our studies,
a blue shift instead of a red shift of the n-plasmon band was
observed with increasing MWCNT diameter.

The derivative of transmittance spectra (ESL Fig. S1)
indicates a shift of the n-plasmon band from about 273 nm
(4.54 eV) for the film MWCNT 9 to 258 nm (4.81 eV) for MWCNT
18. The differences in the n-plasmon band positions were relatively
small (see insert in the Fig. 5), but they cannot be neglected.
Moreover the m-plasmon band position and the corresponding
transmittance value in polarized light vs. the diameter of the used
MWCNT is shown in ESL7 in Fig. S2.

—— MWCNT 9
———MWCNT 11
—— MWCNT 15+
———MWCNT 16
= MWCNT 18

90
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70+

T [%]

65

60

55

n-plasmon position [nm]

258 Ha
256

50 8 9 10 11 12 13 14 15 16 17 18 19
Dc¢ [nm]
T T T T T T T T T T T M T M
200 300 400 500 600 700 800 900
2 [nm]

Fig. 5 UV-vis transmittance spectra for LS films of various MWCNT
diameters. The insert contain n-plasmon band position vs. outer diameter
(D) of the used MWCNT.
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The position of the n-plasmon band may be affected by other
factors than the outer diameter of MWCNT. Brzhezinskaya et al.
have reported a red shift of the n-plasmon peak with increasing
dose of Ar+ radiation.®® A significant change in this band
position was observed for doses below 100 pC cm™2. Above this
value, the band position remained almost unchanged. The
radiation dose can be strictly correlated with the amount of
defects in MWCNT. The number of defects can be evaluated on
the basis of the ratio of the intensities of D and G bands Ip/Ig
obtained by Raman spectroscopy measurement.*® The obtained
results of Raman investigation of all tested MWCNT films in
both powder and film form are shown in ESIt (Tables S2, S3
and Fig. S5, S6). For the powders MWCNT 9, MWCNT 11 and
MWCNT 15+ the obtained Ip/I; ratios were very close to 1.9,
while a slight increase in these values was observed for the
remaining two samples. Moreover, the values of Ip/Ig ratios
obtained for the films were almost the same as those obtained
for the powders, which confirms that the sonication process
did not cause damage. Taking into account the above, if the
number of defects was the dominant factor determining the
n-plasmon band position, the position of this band for MWCNT 9
film would be blue shifted relative to its positions in the other
films, which was not observed. For this reason we believe that the
number of defects is not the dominant factor of the plasmon
band wavelength shift.

The derivative transmittance spectra (ESLf Fig. S1) show
isosbestic point at about 244 nm, which suggests the presence
of at least two components in the recorded n-plasmon bands.
Two well resolved maxima in the UV band have been reported for
SWCNT, in spectra of graphite and other carbon allotropes.**"”
According to literature data, the m-plasmon band of SWCNT
consists of two components: a high energy one located at
236 nm (5.26 eV) and a low energy one located between 275 nm
(4.2 ev) and 295 nm (4.5 eV). The low energy component originates
from the plasmon excitation along the tube axis, while the high
energy one originates from the plasmon excitation in the perpendi-
cular direction.*®*® Moreover, relative intensity of both plasmon
bands depends on the orientation of CNT with respect to the light
electric vector polarization. According to Murakami et al, the
absorbance at 275 nm increases when the angle between the
electric vector and the tube axis decrease, while the absorbance
at 236 nm remains unchanged.’® This effect suggest that the
n-plasmon band shift can be a result of the MWCNT alignment
and thus the relative change in the intensity of its two components.
This theory is partially contradicted by the data obtained from
UV-vis spectra in polarized light. The band shift resulting from
MWCNT orientation (see ESI, Fig. S2) is a major factor in the
obtained results.

According to Lucas et al, for the multishell fullerenes the
plasmon band position depends on the ratio of the inner to
outer diameter (/R).*° They postulate that while the /R ratio
decreases, the plasmon band position is shifted towards UV,
reaching saturation for /R < 0.5. For the MWCNT studied, the
/R ratios were of about 0.3 for all films (see Fig. 1), which
suggests that the observed band should not be shifted.
However, Lucas et al. have performed calculations assuming a
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constant value of the outer diameter of fullerenes (R = 10 nm).
The outer diameter of the MWCNT we studied varied from
8.86 nm to 18.1 nm. In order to be able to compare the obtained
results, it is necessary to consider the influence of the wall
thickness of both materials. The wall thickness of the MWCNT
we studied varied in the range between 3 nm and 6 nm.
Comparing the results obtained for both materials we obtain
the position of the bands at 203-238 nm (depending on the
surrounding environment of fullerene) vs. 258 nm (MWCNT on
quartz) for 6 nm wall thickness and 229-258 nm (depending on
the surrounding environment of fullerene) vs. 272 nm (MWCNT
on quartz) for 3 nm wall thickness. While the direction of the
band position shift along with the change in wall thickness is
the same as for fullerenes, their positions differ for the two
types of samples. However, it is important to realize that unlike
the plasmon band for fullerene, the one for MWCNT consists of
two components, which affects its position. In Fig. S4 (ESIt)
position of three spectra components vs wall thickness were
shown. The data were fitted by three Voigt function in the Fityk 1.3.1
software.> Energy of the two m-plasmon band components
increases as the wall thickness increases. Minor changes in
position of high energy component (212-216 nm; 5.74-5.84 eV),
while the most significant changes were observed for the low
energy component of m-plasmon band position (252-270 nmy;
4.58-4.91 eV). This suggest that the low energy component can
be correlated with the wall thickness. Unfortunately, the statistical
distribution of wall thickness is too wide for such a correlation to
be certain. However, we believe that the study of MWCNT with
better defined wall thicknesses will allow to confirm this relation-
ship in the future.

3.4. Electrical properties

Fig. 6 presents the surface resistivity of the transferred MWCNT
films measured in the directions parallel (Rs;) and perpendicular
(Rs1) to the barrier position before and after the annealing
process.?® The latter process was performed for 5 hours in argon
atmosphere under a pressure of 1 mbar and at 250 °C. For all

400

| R, As deposited
3504 R, Annealed
300_' Il R, As deposited
| I R Annealed

250

El
R, [k sq]

- - N
o o o
o o o
1 1 1

50 —

MWCNT 9

MWCNT 11 MWCNT 15+ MWCNT 16 MWCNT 18

Fig. 6 Surface resistivity of annealed and as deposited MWCNT films
measured in parallel (R|) and perpendicular (R ) direction relative to the
position of the barrier.
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measurements, linear current-voltage characteristics were observed
in the current range of measurements (from —1 pA to 1 pA). The
lowest surface resistance of 58 + 6 kQ sq ' and 35.8 + 2.4 kQ sq "
in parallel to the barrier position was noted for the as deposited
and annealed MWCNT 11 film, respectively. Moreover surface
resistance gradually increased with increasing or decreasing
diameters of MWCNT. On the other hand, the lowest surface
resistance of 149 + 5 kQ sq ' and 91 + 4 kQ sq " in perpendicular
to the barrier position was noted for the as deposited MWCNT 15+
and the annealed MWCNT 11 films, respectively. Moreover, similar
values of Ry, were observed for the annealed MWCNT 9, MWCNT
11 and MWCNT 15+ films. The annealing process in all cases
resulted in a similar decrease in the surface resistivity regardless of
the measurement direction. The most significant reduction of
surface resistivity (50% of the as deposited value) was recorded
for MWCNT 9, while the lowest reduction of surface resistivity
(80% of the as deposited value) was observed for MWCNT 16. The
changes are most likely supposed to be due to the storage of DCM
or water inside carbon nanotubes for the two reasons. Firstly,
minor changes were observed when the annealing temperature
was set below 100 °C, which would cause both of these fluids to
evaporate from the layer, but would not cause them to evaporate
completely from the inside of MWCNT. Secondly, no significant
changes between the as deposited and annealed films in
Raman and UV-vis spectra were observed, which eliminates
the impact of the removal of functional groups or defects from
the carbon nanotubes.

3.5. Shear loss tangent as factor limiting the obtained anisotropy

In order to determine the influence of the MWCNT diameter on
the electrical anisotropy, the Rg,/Rg ratio vs. diameter was
analyzed (Fig. 7). The highest Rs, /Rs value of 2.5 + 0.3 was
observed for MWCNT 11 film and for the films with increasing
and decreasing diameters the value of this ratio decreased
gradually. As expected, the lowest electrical anisotropy was
recorded for the layers obtained from the thickest nanotubes.

3.0

MWCNT 11

] MWCNT 9
=4 1.8 + MWCNT 15+
o ]
1
1.4 MWCNT 18

1 MWCNT 16
1.2 + %
—

T T T T T T T T T
8 10 12 14 16 18 20

Dc [nm]

Fig. 7 Electrical anisotropy parameter defined as the ratio of surface
resistivities measured in perpendicular to that measured in parallel direc-
tion (Rs 1 /Rs)) vs. outer diameter (D.).
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Taking into account previous studies, the highest electrical
anisotropy was expected to be obtained for MWCNT 9 film
due to the smallest diameter of its particles.'>**2%? Since the
electrical properties of MWCNT in the films MWCNT 9 and
MWCNT 11 should be very similar to each other and the
anisotropy of the arrangement was caused by the barrier
motion, the difference in the Rg, /Rg value should be reflected
in the mechanical parameters of the layers. Jia et al. in their
work have proposed a model which explained the alignment
process of the SWCNT in Langmuir films."® According to this
model, the relative motion between the SWCNT and the subphase
caused the drag torque to align CNT in film. In addition, three
main factors have been identified to support the alignment
process: the film velocity relative to the subphase, subphase
viscosity and aspect ratio of CNT (length to diameter).

The highest anisotropy should be observed for MWCNT 9
film. On the other hand, this model fails if the CNT start to
interact with one another, which becomes crucial in the case of
MWCNT 9. During the compression of the film, part of the
energy applied to the system is converted into two types of
viscoelastic deformations: longitudinal and transverse ones,
which can be measured by the imaginary part of the complex
compression ¢’ and complex shear G” moduli, respectively. The
better aligned the CNT, the smaller area they cover. Therefore,
the longitudinal viscoelastic deformations are desirable and
unavoidable to some extend and ¢” value should be greater than
zero. On the other hand, the transverse viscoelastic deformations
are highly undesirable, causing bending of the CNT in the arcs
and consequently reducing the observed anisotropy. The ratios of
the moduli G” to G’ or ¢ to ¢ defined as tandg or tandg,
respectively, indicate the relative energy dissipation of the mate-
rial. Fig. 8 shows the effect of shear modules loss tangent angle
(tan d¢) on the electrical anisotropy and a similar figure for tan dg
was shown in ESIt (Fig. S7). As expected, the lowest value of
tan 6 was obtained for the MWCNT 11 film, for which the
highest ratio Rs, /Rs; was obtained and a similar tandg value
was achieved for films MWCNT 9 and MWCNT 15+. Taking into

3.0

MWCNT 11

T MWCNT 9

MWCNT 15+
144 MWCNT 18
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0.26 0.28 0.30 0.32 0.34 0.36 0.38 0.40 0.42

tan 5,

Fig. 8 Dependence of the electrical anisotropy (Rs,/Rs)) on the shear
loss tangent (tan dg).
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account all the above information, it can be concluded that the
main factor blocking the alignment process is represented by the
tan g value and the highest anisotropy should be observed for
tan dg near to zero. Due to the fact that the shear loss tangent
can be controlled by parameters such as: pH of the subphase,
compression speed, temperature, etc. this approach opens up
many opportunities for future research.

3.6. MWCNT films as transparent electrodes

The parameter most often used to characterize the relative
performance of the films in terms of transparency and sheet
resistance, is the ratio of direct current conductivity (oq4c) to
optical conductivity (c,p) calculated as:*>

Tde Zo

Oop 2R (T35 -1)

where Z, = 377 Q is the impedance of free space, T is the
polarized transmittance at 550 nm measured in parallel or
perpendicular direction relative to the barrier, and Ry is the
surface resistivity measured in parallel or perpendicular direc-
tion relative to the barrier. The calculated results are summar-
ized in Fig. 9. The value of the o4c/0,p is a very useful tool for
comparative analysis of transparent electrodes regardless of
their thickness and the type of used material. The better the
film quality, the higher the ¢4c/0,p ratio.

The highest (64c/00p); ratio of 0.059 + 0.003 measured in
parallel direction with respect to the barrier position was
obtained for MWCNT 9 film and for MWCNT 11 film the ratio
(0ac/oop)) was slightly lower, but within the measurement
uncertainty. For the other films the ratio gradually decreased,
mainly because of decreasing transmittance. The annealing
process did not cause any changes in the UV-vis spectra and
thus the difference between the annealed and as deposited films
originated only from the removal of impurities from the
MWCNT. Moreover, the influence of these impurities was greater
for MWCNT with smaller diameters because the electronic

0.06 Bl 5, /o, || As deposited
| I 5, /s, || Annealed
c ~op
0.05 - Bl s, /s, L As deposited
P 6, /s, L Annealed
c ~op
0.04 -
£
2, 0.03
o
0.02 -
0.01 -

MWCNT 9

MWCNT 11 MWCNT 15+ MWCNT 16 MWCNT 18

Fig. 9 General performance of MWCNT films as a transparent electrodes
calculated from polarized optical conductivity and direct current con-
ductivity measured in parallel (o4c/00p ||) and perpendicular direction
(6ac/oop L) for as deposited and annealed films.
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structure of the MWCNT with thinner walls can be more easily
disturbed. The anisotropy of the o4c/o,p ratio is slightly greater
than the electrical anisotropy due to the presence of optical
anisotropy (see ESIT Fig. S2). Although it is not surprising that
it reduced general performance as a transparent electrode, in
some cases the (dq./00p) 1 ratio is irrelevant. For example, the
high transparency of the electrodes used for the construction of
liquid crystal display to polarized light is sufficient. Also the
value of the sheet resistivity in perpendicular direction (Rs ) is
irrelevant due to the fact that only the low resistance path can be
used. Therefore, only the highest possible ¢q4./0,, ratio is
relevant. Moreover, CNT film with high optical anisotropy and
low surface resistance may prove to be advantageous in devices
such as liquid crystal display, where it can replace both the ITO
layer and the polarizer. Although the obtained oq4./0,p values
are relatively low in comparison to that obtained for ITO
(6ac/oop > 100) or other CNT-based films (cqc/0,p = 23), for
the perfectly aligned CNT films similar oq4./0,, ratios can be
achieved without any doping or modification.***

4. Conclusions

In summary, the results presented and discussed above have
shown that even a small change in MWCNT diameters results in a
significant change in the optical, electrical and mechanical proper-
ties of Langmuir-Schaefer films. The highest transmittance of
87% was achieved for the film composed of the smallest diameter
MWCNT and this value decreased gradually with increasing
MWCNT diameter. Moreover, the reverse diameter dependence
of m-plasmon band was observed. The most likely explanation for
this phenomenon is that the wall thickness of MWCNT affects the
location of the low energy component of the m-plasmon band.
However, due to the wide statistical distribution of wall thick-
nesses, these studies must be repeated on better defined samples.
In addition to wall thickness the following factors should be taken
into account in the comparative analysis: the number of defects,
the ratio and position of the two components of the n-plasmon
band and the orientation of MWCNT relative to light electrical
vector. The lowest surface resistance of 36.8 + 2.4 kQ sq " in
parallel direction was obtained for the film composed of MWCNT
of diameter of 11 nm. All MWCNT films showed both electrical
and optical anisotropy and the highest anisotropy was achieved for
the film composed of MWCNT of 11 nm in diameter. The values
of the complex compression and shear moduli were determined
for the first time for MWCNT films. It has been shown that the
main factor limiting obtaining highly alighed MWCNT films was
the shear loss tangent. Although MWCNT in the films exhibited
barely visible anisotropy of placement, high anisotropy of all
investigated properties was observed. It is a very important
observation especially from the point of view of potential
applications of the CNT based transparent electrodes.
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Oscillatory Barrier Measurements

During one measurement following three signals with full 10 cycles was registered: surface
pressure measured in parallel direction vs. time (IT; vs. t), surface pressure measured in
perpendicular direction vs time (ITL vs t) and area between the barriers vs. time (A vs. t). To
determine the AA and AIT amplitudes and phase shifts ¢ Origin 8.1 sine fit function was used
for all obtained signals:

, X = Xc
y=y0+Csm(7t " ),(51)
To provide better clarity the subscript contains information ( || for IT vs t; L for TIL vs t; A

for A vs t) about the signal from which the data were obtained. The value of ¢ and the phase
shifts error A ¢ were defined as follows:

Xe|| XcA>
o =|——-——|n—m (52)
! <W|| Wa
Ax Ax X X
Ap = N <A n| + lelAW”n + L‘gAWAﬂ ,(83)
Xc1 XCA)
= —— )t —m (53
0r = () m - (s3)
Ax Ax X X
Ap, = | Cln| + [—4 T[| + %Awln + %AWAH .(83)
w, Wy wi Wy

Because reducing the area between the barriers leads to an increase in surface pressure and the
signal A vs. t is shifted in phase by 1 in relation to the barrier position vs. time in equation S2
and S3 we subtract 1.

The real part of compression modulus and its measurement error can be defined as:

o= le* + G*Icos(<p”) + |e* — G*|cos(p,)
B 2

, (54)
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The real part of shear modulus and its measurement error can be defined as:

, &+ G*| cos —|e* = G*| cos
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,(87)

The imaginary part of compression modulus and its measurement error can be defined as:

s le* + G*Isin(q)”) + |e* — G*|sin(p,)

,(58)
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The imaginary part of shear modulus and its measurement error can be defined as:
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The measurement error of obtained compression and shear modulii (presented in Table 2 in
main text) appear to be very low. It was decided to check how much reproducible results will
be obtained for the layers obtained from MWCNT 9 sample. The results of four independent
measurements were shown in Table S1. Most of the received results were within the limits of
the measurement uncertainty and the deviations that occur were originated from the
inhomogeneity of the layer formed after MWCNT suspension has been applied on the air
water interface. The measurement of layer designated as MWCNT 9 was selected for analysis

Ale* — G| =( )* le* — G*|, (S15)



in the main text due to the lowest uncertainty of measurement and the closest to sinusoidal
signals I vs. t and I vs t.

Table S1 The mechanical parameters of the Langmuir films obtained from the powder labeled as MWCNT 9

g g" G G"
Film name
[PNm?Y]  [mNm'] [mNm?] [mNm]

MWCNT9 1719+13 595+1.1 713+11 23.6=+1.1
MWCNT 9.2 1759432 61.0+32 664+33 19.7+32
MWCNT 9.3 175+3 62+2 65+5 199+1.7

MWCNT 9.4 1733+15 629+13 67.1+15 21.6+14

UV-Vis spectra
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Table S2 Band position in Raman spectra
Powder Layer
Sample
name Dlecm?] G[ecm®] D'[ecm?] 2D[cm?] D[em?] G[cm?] D'[cm?] 2D [ecm]
MCWNT 9  1326.60 1577.05 1609.27 2646.09 133246 1584.02 1617.26 2658.14
MCWNT 11 1328.74 157855 1610.87 2649.22 1332.74 158453 1617.10 2658.26
MCWNT15+ 1326.74 157558 1608.98 2649.92 1333.02 1583.76 1618.06 2659.69
MCWNT 16 1327.81 1579.16 1610.57 264959 1333.27 1586.56 1618.23 2660.13
MCWNT 18 1328.69 1580.24 1610.55 2649.73 1333.15 1585.84 1617.4 2659.31

Table S3 Band parameters of Raman spectra

Sample
name

Powder Layer

Io/le Ac/As  olle AclAn  lolls  AolAg

In/lp Ap/Ap

MCWNT 9
MCWNT 11
MCWNT15+
MCWNT 16

MCWNT 18

1.89150 2.46849 2.75314 7.03301 1.85234 2.26223
1.90435 2.23033 2.99555 6.06936 2.17196 2.47627
1.86665 2.32679 3.42811 6.47527 1.78059 2.08908
2.49393 3.00657 3.64035 8.02595 2.41209 2.44505

2.60067 3.25619 3.80761 8.97479 2.46953 2.80089

2.64812 7.00032
3.06349  7.9948
2.72409 6.25706
3.92132 9.42588

3.61020  8.9986
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The influence of zinc phthalocyanine (PC) on the formation and properties of multiwalled carbon nan-
otube (MWCNT) Langmuir films was studied. The mixtures of PC and MWCNT at different concentrations
were prepared and used to obtain films on the air-solid and air-water interface. The excess Gibbs energy,
excess areas and the area fraction covered by the mixtures components were determined for mixed sys-
tems at various surface pressures. For the mass fractions of MWCNT lower than 0.9, the interactions
between the mixture components were attractive, while for the MWCNT mass fractions higher than
0.9, they were repulsive. Analysis of the area fractions and fluorescence images revealed three stages
of filling the MWCNT films with PC. In the first stage, the PC filled the area between the MWCNT and
started to form inclusions in the MWCNT film structure. In the second stage, gradual increase in the
PC inclusion size with increasing PC concentration was observed. In the third stage, continuous PC films
were formed. These observations were further confirmed by the calculation of electrical percolation
threshold.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Carbon nanotubes (CNT) have a variety of applications in such
fields as: energy storage devices, chemical sensors, field effect tran-
sistors and transparent electrodes [1-6]. A precondition for the use
of CNT in industrial applications is the possibility to obtain large
scale and cheap homogeneous thin films, which is still problem-
atic. Various methods for obtaining thin films have been proposed,
including spin-coating, spay-coating, transfer printing and Lang-
muir methods [7-9]. The advantage of using Langmuir deposition
methods is the ability to precisely control the film density and
structure [10-14]. The greatest advantage of this method is the
possibility of obtaining anisotropic thin films [11,12,15-17]. In
addition to the above-mentioned advantages, Langmuir methods
allow the study of interactions between components of a given
mixture by the Langmuir isotherm analysis [18-22]. The main pur-
pose of these studies is usually to examine and understand the
influence of different types of compounds on biological mem-

* Corresponding author.
E-mail address: karol.rytel@put.poznan.pl (K. Rytel).

https://doi.org/10.1016/j.molliq.2022.118548
0167-7322/© 2022 Elsevier B.V. All rights reserved.

branes [18-21]. However, this methodology can also be used in
the search for materials that prevent formation of aggregates [22].

The surface pressure as a function of the film surface is directly
measured in the Langmuir method. This relationship allows the cal-
culation of the energy required to compress the film. The energy
required for compression of a mixed film and the energy needed to
compress its components are not the same thing. By analysing their
mutual relation it is possible to obtain information on both the direc-
tion and strength of the interactions between film components [ 18-
22]. The information about interaction strength, is the most impor-
tantin the search for good dispersants for nanomaterials. This search
is most often realized by analysis zeta potentials, surface tensions
and stability of the suspension over time [23-25]. Only in the case
of zeta potential measurements, the information on the interactions
between the components of a mixture can be obtain. However, this
method is limited to electrostatic interactions study. Therefore, the
presence of ions or a high polarity solvent is necessary.

An alternative to the above mentioned techniques is the theo-
retical approach. By using molecular dynamics simulations, Xu
et al. investigated the interactions between CNT and pulmonary
surfactant monolayer. They explained how the diameter and
length of SWCNT regulate their interactions with the pulmonary
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surfactant monolayer [26]. However such a studies are severely
limited by computational power, which makes it necessary to
reduce the dimensions of the CNT studied (e.g. very short single-
walled carbon nanotubes).

The properties of films composed of CNT alone are not sufficient
in some cases. Enrichment of CNT films with additional com-
pounds may result in substantial changes of the films proper-
ties[27-30]. There are plenty of studies of hybrid materials that
consist of CNT and organic dye focuses on the areas such as sen-
sors, fuel cells and photovoltaic [31-33]. None of those studies
involve investigations of the Langmuir films containing CNT and
organic dye. On the other hand, there are several works on Lang-
muir films containing CNT and other compounds. By adding poly-
mers to the CNT films the increase in the Langmuir films stability
at air-water interface or new photoelectrochemical and gas sens-
ing properties can be achieved [34-37]. Also, introduction of CNT
to the lipid Langmuir films has resulted in their enhanced enzy-
matic and catalytic properties[38-40]. Understanding the interac-
tions between CNT and other materials is essential for further
improvement of the aforementioned properties.

In order to use multiwalled carbon nanotube (MWCNT) films
obtained via Langmuir techniques as a transparent electrodes, both
their transmittance and electrical conductivity must be increased
[12,14,16]. The change in transmittance should be achieved by
increasing the distance between MWCNT, while maintaining the
number of MWCNT contacts as high as possible. Increase in trans-
mittance can be achieved by changing the surface pressure at
which the films are transferred onto the solid substrate. However,
this changes are still insufficient to solve the aforementioned prob-
lems|12,14]. Higher transmittance can be achieved by introducing
additional compound into the MWCNT film structure. However,
the additional compound should be selected in such a way that
produce films with greater electrical anisotropy, which at least par-
tially solves the problem of low electrical conductivity.

The aim of this study was to increase the transmittance of the
MWOCNT film and to investigate by what margin the resistance of
MW(CNT/PC films would increase. In addition, we wanted to investi-
gate the separation process of MWCNT and determine what effect
the interactions between the mixture components have on this pro-
cess. We decided to investigate the interactions between MWCNT
and PC, using Langmuir isotherms analysis for the films of MCWNT-
PC mixtures of different concentrations. Moreover, we investigated
the influence of PC on the optical and electrical properties of the
MWCNT-PC films. Zinc phthalocyanine (PC) was chosen to act as a
MWOCNT separator in Langmuir films due to the high transmittance
of PC monolayer films [41]. Furthermore, relatively strong fluores-
cence makes PC a good candidate for a fluorescence marker{42].

2. Materials and methods
2.1. Materials

The mixtures of zinc phthalocyanine (zinc (II) 2,9,16,23-tetra-
tert-butyl-29H, 31H-phthalocyanine, Sigma-Aldrich) with MWCNT
(6-9 nm diameter, Sigma-Aldrich) were studied. PC was dissolved
in spectrally pure dichloromethane (DCM) in a concentration of
160.4 pg ml~'. MWCNT were dispersed in DCM in a concentration
of 20 pg ml~'. The dispersion of MWCNT was carried out by a probe
sonicator (Hielscher 400St, 24 kHz) in an ice bath to minimize sol-
vent evaporation. The suspension (200 ml) was sonicated by a
14 mm diameter sonotrode at 60 W power for 20 min.

2.2. Langmuir films preparation

Langmuir films were obtained on a KSV instruments Ltd. 2000
LB system, with a custom made Teflon trough of 750 cm? area
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(15 cm x 50 cm), under laminar flow at a stabilized temperature
of 20 + 0.5 °C. In our experiments, the subphase was deionized
water (electrical resistivity 18.2 MQ cm) obtained with an ultra-
pure water purification system (Millipore Corp.). To obtain a Lang-
muir film, the suspension was carefully spread onto the subphase
and before compression we waited for 30 min for DCM evapora-
tion. Platinum Wilhelmy plate was placed parallel to the barriers
for measurement of the surface pressure. The table summarizing
the operating conditions has been added to the supplementary
information (Table S1)

Determination of molar concentration of the MWCNT requires
extensive work and its value depends on the material homogeneity
in terms of diameter and length. Therefore, the value obtained is
affected by a large error. Instead of generally accepted parameters,
such as area per molecule or molar fraction, the area per mass unit
or mass fraction (MF) was used. The compression isotherms of
films were measured for different proportions of PC and MWCNT,
ranging from pure MWCNT to pure PC. The concentration, mass
fractions and the amount of used materials are specified in supple-
mentary information (Table S2)

2.3. Films deposition

The layers were transferred simultaneously onto quartz sub-
strate (7.6 cm x 2.6 cm) and polyvinyl chloride (PCV) foil
(2 cm x 2 cm) by horizontal transfer. The quartz substrate was
placed in such a way that the long axis was parallel to the barrier.
The transfer process was carried out by removal of the substrate
from the subphase, in the same way as in our previous studies
[12,14]. The substrate was removed at a constant speed of
1 mm min~'. Before the transfer, the floating films were relaxed
at a specified surface (see supplementary information Table S2)
pressure for 50 min to obtain a uniform layer.

2.4. Films investigation

After deposition, the homogeneity of LB films was checked via
confocal laser scanning microscope (Zeiss LSM710) in the material
and fluorescent modes. In the material mode, a HeNe laser operat-
ing at 543 nm wavelength was used. In the fluorescence mode, an
HeNe laser operating at 633 nm was used and fluorescence was
observed in the range 643-799 nm.

The electric resistance measurements were performed using a
standard two-probe method by a Keithley 2400-LV source meter.
The contacts were made of silver wire (diameter 0.25 mm) and
attached to the film using a silver paint. The electrodes were placed
in such a way to ensure the perpendicular or parallel current flow,
with respect to the position of the barrier at the Langmuir trough,
as in our previous work[14]. For each film the measurements were
made at 8 different locations for each current flow direction and
the measurement uncertainty was calculated as the standard devi-
ation. The area of the MWCNT film between electrodes was mea-
sured using an Imager Z2m Zeiss microscope. The SEM images
were recorded by means of the HeliosNanoLab 660 (FEI) scanning
electron microscope operating at 1 kV.

3. Results and discussion
3.1. Films thermodynamics

Fig. 1 presents the dependence of surface pressure (IT) on the
surface area per unit mass (A) of all mixtures components. For
materials of low densities, 2D gas phase was identified for all stud-
ied films and the surface pressure was negligible. With increasing
compression, the value of IT smoothly grows and then collapses at
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Fig. 1. Dependence of surface pressure on the surface area per 1 pg of used
materials obtained for PC and MWCNT mixtures at high mass fraction of MWCNT
(top) and high mass fraction of PC (bottom).

a specific surface pressure value (see Supplementary materials
Fig. S2). Unfortunately, the collapse point and the shape of the iso-
therm for pure MWCNT depended on the quantity of the suspen-
sion used (see Supplementary materials Fig. S3). However, for the
amount of suspension used in the range from 5 ml to 6 ml almost
identical isotherms were observed. Thus, the volume of the
MW(CNT suspension used was in range from 5 ml to 6 ml. For pure
PC films, the obtained isotherms were similar to those reported by
Matsuura et al. and the differences visible for low surface pressures
were related to the film compression rate[43]. Moreover, the lim-
iting area (see Fig. S4), obtained by the extrapolation of the linear
region to zero surface pressure just before collapse was almost
identical to that shown by Matsuura et al. This indicates that the
plane of the molecular structure of PC was tilted relative to the
subphase surface. For the mixtures with high contents of PC, a
gradual increase in surface density was observed, while for the
mixtures with high contents of MWCNTSs, minor changes in the iso-
therm shape were observed.

Compressibility modulus (B) vs surface pressure calculated for
each MF of MWCNT is shown in Fig. 2. The compressibility module
is a measure of the film stiffness and can be calculated from the fol-
lowing equation[21]:

oIl

b=-A%x
where A is the area per mass unit of the film and IT is the sur-
face pressure. At the surface pressure of 30 mN m~!, the PC film
reaches a maximal value of compressibility modulus and the area
per molecule of 0.603 nm?, which corresponds to the geometrical
cross-section of PC molecule[43]. For higher surface pressures,

Journal of Molecular Liquids 350 (2022) 118548

MF of MWCNT

0 A
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
11 [mNm’]
200 o
- 1 n
£ 150 1
% 1 n
= 190 EE
© u [ ]
€ 1 n |
s T ) T ¥ T L T L) T L T
0.0 0.2 0.4 0.6 0.8 1.0
MF of MWCNT
40 " "
—_ | n"
€
—~ 35 . "
E ]
n
= ]
30 —————r——————
0.0 0.2 0.4 0.6 0.8 1.0
MF of MWCNT

Fig. 2. Compressibility modulus (B) vs surface pressure (IT) calculated for each MF
of MWCNT (top); maximal value of compressibility modulus vs mass fraction (MF)
of MWCNT (middle); maximal value of surface pressure at compressibility modulus
maximum vs mass fraction of MWCNT (bottom).

the processes such as PC reorientation, tilt angle change or
multi-layer formation may occur, causing a decrease in the com-
pressibility modulus. For MWCNT or graphene films at surface
pressure above 40 mN m ! the multilayer formation (mainly near
barriers) may occur, which is visible to the naked eye. We decided
to transfer the films for further studies at a pressure corresponding
to the maximum compressibility of the mixture, in order to obtain
the best homogeneity of the films, while maintaining the previ-
ously mentioned film parameters. The maximal compressibility
module obtained for MWCNT films is significantly lower than that
for PC films (70 mN m~! vs 193 mN m~!, respectively) and a grad-
ual increase in this value with increasing PC content was observed.
The reason for this increase is that PC fills the spaces between
MWCNT causing gradual strengthening of the film’s structure. An
analogous dependence is observed for the surface pressure at the
maximum of the compressibility modulus.

3.2. Excess Gibbs free energy

Analysis of the interactions between the components making
the film at the air-water interface can be made in terms of the
excess Gibbs free energy of mixing and its value was calculated
from the following expression[19,20,22,44]:
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where: A;; - is the experimental value of area per mass unit in a
bicomponent film, A; and A; are the area per mass unit of the first
and second component film, respectively, while x; and x, are the
mass fractions of the components. It is worth mentioning that
the generally accepted unit of excess Gibbs free energy is joules
per molecule. However, it is not possible to use it because of the
unknown molar mass of the MWCNT used. For this reason, AG
was calculated per unit mass of the mixture components. The val-
ues of AG > 0 indicate the repulsive forces between the compo-
nents of the mixture and the higher the value of AG, the stronger
the repulsive forces between them. If the values of AG are negative,
the attractive forces instead of repulsive ones appear and the smal-
ler the value of AG, the stronger the attractive forces between the
components|[19,20,22,44].

3.3. Excess areas

Usually, the repulsive or attractive interaction between compo-
nents of the films at the air-water interface cause a change in the
excess area AA defined as[22,44]:

AA = Aip — (%1A1 + XA,)

If the interactions between the film components are repulsive,
AA should take a positive value. Moreover, the stronger the inter-
actions, the higher should be the value of the excess area. As shown
in Fig. 3A and 3B, the above mentioned relations are not obeyed for
the films studied. Despite the increase in strength of the interac-
tions between MWCNT and PC with increasing IT, the excess area
decreases, due to the fact that at lower compression states MWCNT
occupy a smaller portion of the total area leaving more space avail-
able to PC.

3.4. Area fractions

From the IT-A isotherms, the area fraction occupied by each
component at any given compression state can be calculated for
any mixture composition as:

7A] * FF

AF
Aexp

where A; is the area per unit mass of a selected mixture compo-
nent (MF of MWCNT equal to 1 or 0), FF is the fill factor corre-
sponding to the film transferred at the surface area Ajand Ay is
the experimental area per unit mass of the same component for
which we calculate AF. The values of A; and Aeyp, were calculated
on the basis of the isotherms obtained during the layer transfer
process (after compression and relaxation time). The value of FF
of MWCNT and its measurement uncertainty of 0.426 + 0.021 were
determined from SEM and confocal microscopy images (mean
value and standard deviation for twelve images). The FF for PC
was assumed as 1 on the basis of the fluorescence microscopy
images. It is worth emphasizing that the AF values of each compo-
nent calculated in this way can add up to values lower or higher
than 1. The values higher than 1 are observed if both mixtures
components are stack on each other. On the other hand, the values
lower than 1 indicate that the film has some areas not covered by
either of the components (see Fig. 3C).

3.5. Interaction between mixtures components
In order to explain the interaction between MWCNT and PC,

three regions should be distinguished, as shown in Fig. 3. The first
region corresponds to a gradual filling of the spaces between the
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MWCNT (hereafter referred to as pores; see Fig. 3D SEM) with PC
observed for MF of MWCNT in the range from 1 to 0.769. The infor-
mation on pore filling can be obtained from the linear relationship
between the AF of MWCNT + PC and AA with respect to MF of
MWOCNT (see in Fig. 3C and 3B).

For low concentrations of PC, the surface pressure inside the
pores is lower than that measured by the Wilhelmy plate. The
dye inside the pore is oriented horizontally to the subphase which
makes the tert-butyl group of PC to interact with MWCNT. Partially
filled pores require more energy to contract than empty pores,
which can be interpreted as repulsive interactions. Thus positive
AG values and homogeneous fluorescence images are observed
(see Fig. 3D).

As the pore filling increases, the surface pressure inside the
pores tends to the measured value. This leads to a change in the
orientation of PC relative to the subphase. Therefore, for higher
PC concentrations, the interaction between PC macrocycle and
MWCNT is observed. Thus, the transition from positive to negative
AG is observed. This is consistent with earlier theoretical work
[45]. Moreover, due to the presence of attractive interactions, PC
inclusions (clusters) start forming (bright red spots in the fluores-
cence images; see Fig. 3E). Furthermore, formation of PC inclusions
suggest the presence of attractive PC-PC interaction near MWCNT.

In the third region (MF of MWCNT below 0.652), the PC mole-
cules form continuous films. Therefore, the percolation threshold
should be located near the local maximum of AG. Moreover, in this
region PC is the medium responsible for the surface pressure trans-
mission. The value of AG in this region decreases as the concentra-
tion of PC increases, which means a strengthening of the attractive
interaction. It was caused by the separation of individual MWCNT
which can be seen in SEM images (Fig. 3G). Thus, the number of PC
molecules that may interact with individual MWCNT (directly or
indirectly) increases.

3.6. Electrical measurements and percolation threshold

Fig. 4 presents the surface resistance measured in parallel and
perpendicular direction vs the mass fraction of the used MWCNT.
For all samples, linear current-voltage characteristics were
observed in the measured current range (from —1 mA to 1 mA).
The ratios between resistance measured in perpendicular to paral-
lel direction were in range from 3 to 4. This anisotropy was caused
by the relative motion between the MWCNT and the subphase dur-
ing the compression cycle. However this effect is reduced by the
transverse viscoelastic deformations during compression cycle,
causing bending of the CNT in the arcs and consequently reducing
the observed anisotropy. The electrical anisotropy of MWCNT film
was described in more detail in our previous work [12,14]. The
growth of the surface resistance was of exponential character for
both directions and an almost 4 orders of magnitude increase in
the surface resistance was observed. Resistance of the layers with
less than 0.65 MF of MWCNT was too high to measure. The reason
for this is that the amount of MWCNT per unit of area decreases,
limiting the number of conducting paths. This relationship can be
analyzed using the percolation theory, according to which, the
changes in the surface resistance (R) can be expressed as [46]:

R=Ro(p—pc)™"

where Ry is a constant, t is the percolation exponent, p is the
amount of conducting material and p. is the critical amount of con-
ducting material. The relationship between the surface resistivity
and p-p. can be expressed as a straight line in the log-log scale.
In order to determine the value of p., a linear fit was performed
for various p. values and the value for which the best fit was
obtained was chosen. The values of t were calculated as the slopes
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Table 1

Fitting parameters obtained for the amount of MWCNT expressed as mass fraction and area fraction.

Mass Fraction

Pc t Ro [kQ] Fitting Coefficient
Perpendicular 0.620 3.29 6.913 0.99921
Parallel 0.625 3.06 2484 0.99848

Surface density

Pe [ng cm™?] t Ro[kQ2] Fitting Coefficient
Perpendicular 0.305 4.21 11.78 0.99770
Parallel 0.325 3.67 4.696 0.99690

Area Fraction

Pc t Ro[kQ] Fitting Coefficient
Perpendicular 0.165 4.17 0.799 0.99767
Parallel 0.16 3.88 0.329 0.99692

of the lines in Fig. 5. This procedure was performed for the amount
of MWCNT (conducting material) expressed as the area fraction
and mass fraction and the fitting results are summarized in Table 1.
The small difference between the two results is due to the fact that
some of the MWCNT overlap one another. The area fractions of PC
and MWCNT films were calculated from the isotherms obtained
during the transfer process and the data are presented in supple-
mentary materials (Fig. S5).

For single percolation systems, the critical component t is
related to the sample dimensionality. The universal values of crit-
ical exponent t are 1.33 and 2, for two and three dimensional sys-
tems, respectively. However, its higher values have been often
reported in literature[46]. Most common explanations of non-
universal critical exponent are non-direct electrical contacts
between conductive material, electric charge tunneling and non-
uniform dispersion of conductive filler[46-48]. All of the above fac-
tors may be present in the examined films, causing an increase in
the parameter t to a value above 3, instead of the expected value of
1.33.

The value of p. (about 0.62) expressed as a mass fraction seems
to be enormous. However, the thickness of pure PC film is almost

five times smaller than the diameter of MWCNT (1.55 nm and
7.5 nm for PC and MWCNT, respectively)[43]. Moreover, in the
studied system there are surfaces which are not occupied either
by MWCNT or PC. Taking these two effects into account, the p.
value expressed as a mass fraction will be significantly reduced.
Despite these problems, in some cases there are practical reasons
for calculating this value in mass fraction units, which facilitates
the practical reproduction of the experiment. For thin films, p.
expressed as a surface density of the conducting material is often
used. This permits making the p. value independent of the density
of the insulating material and the area not covered by any material.
Although, if the conductive material overlaps one another the p.
value will be inflated. This problem can be eliminated if p. is
expressed as the area fraction.

Due to the previously mentioned problems, comparison of the
obtained percolation threshold with the results reported by other
authors is not a trivial task. The percolation threshold value of
0.62 (MF) obtained in this work is by a few orders of magnitude
higher than that obtained for the latex/SWCNT composite of
0.0012 (MF). However, we achieved a slightly higher film transmit-
tance of 95% vs. 93% (see supplementary materials Fig. S6 and
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Fig. S7) and significantly higher electrical conductivity of 810> S
cm ™ '(assuming films thickness of 7.5 nm) vs 10 S cm™!, which
is significantly better for films applications in transparent electron-
ics[49]. On the other hand, Lee et al. have provided empirical equa-
tion for determination of p. expressed in terms of surface density
which at the rigid random-coil limit is depended on the MWCNT
density, diameter and the static bending persistence length [50].
According to this equation percolation threshold of 0.315 pg cm 2
should be obtained for MWCNT density of 1.4 g cm 3, diameter of
7.5 nm and static bending persistence length of 25 nm.

4. Conclusions

In this paper we report on the effects of the presence of zinc
phthalocyanine on the formation and properties of multiwalled
carbon nanotubes thin films on the air-solid and air-water inter-
faces. Based on the relation of the surface pressure to the area
occupied by unit mass of the mixture components the strength
and direction of the interactions between MWCNT and PC were
determined. For the mass fraction of MWCNT lower than 0.9, the
interactions between the mixture components were attractive,
whereas for the mass fractions higher than 0.9 they were repulsive.

The repulsive interactions appeared as a result of the interac-
tions of tert-butyl groups of PC with MWCNT. On the other hand,
the attractive interactions were a consequence of the interaction
of the PC macrocycle with MWCNT. A change in the direction of
the interactions between MWCNT and PC resulted in the formation
of PC inclusions (clusters). With increasing PC concentration the
size of the inclusions increased until a continuous PC film was
formed followed by the separation of individual nanotubes.

Electrical measurements of the MWCNT/PC films revealed the
exponential growth of the surface resistance with increasing PC
concentration for both current directions and an increase in surface
resistance by almost 4 orders of magnitude was observed. More-
over, the increase in the surface resistance was accompanied by
the increase in its relative error (from about 5% to 40%). Thus,
the process of MWCNT separation was not uniform. The lowest
determined percolation thresholds were 0.620, 0.305, 0.16,
expressed in terms of mass fraction, surface density the fraction
of area covered with MWCNT

On the basis of the data obtained, we believe that the percola-
tion thresholds can be significantly reduced for a compound for
which strong attractive interactions are observed at its low con-
centrations. Moreover, with increasing concentration of such a
compound increasingly stronger repulsive interactions would be
observed. The proposed research methodology is particularly rele-
vant in the field of finding optimal compounds to facilitate the dis-
persion of nanomaterials.
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Fig. S1 Experiment setup diagram

Table S2 Table of operating conditions

Teflon Teflon trough | Temperature Solvent Barriers Substrate Relaxation
trough area dimensions [°C] evaporation speed removal speed time
[cm?] [cm?] time [min] | [mm min™] [mm min”] [min]
750 15x 50 20+ 0.5 30 5 1 50

Table S1 Mixtures parameters used for preparation of Langmuir films, where Vywcenr is the volume of MWCNT
suspension, Vyc is the volume of PC solution MF is mass fraction, Cyiwenr and Cpc is MWCNT and PC concentration,
respectively; Il is the surface pressure at which films was trasfered

VPC CMWCNT CPC HT
MF Of MWCNT MF Of PC VMWCNT [ml] [rnl] [ug ml_l] [pg ml_l] [Il’lN rnl]
1 0 5 0 20 0 40
0.95 0.05 5 0.0625 19.75 0.002 -




0.91 0.09 5 0.125 1951 1.96 39
0.83 0.17 5 0.250 19.05 3.82 38
0.77 0.23 5 0.375 18.60 5.60 37
0.71 0.29 5 0.5 18.18 7.29 35
0.65 0.35 3.75 0.5 17.65 9.44 34
0.55 0.45 25 0.5 16.67 1336 33
0.38 0.62 1.25 0.5 14.28 2291 32
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Fig. S2 Surface pressure at which films collapse occurs vs mass fraction of MWCNT
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Fig. S3 Surface pressure vs area per unit mass of MWCNT for various amount of MWCNT suspension
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Fig. S4 Surface pressure vs area per molecule measured for pure PC
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Fig. S5 Area fraction (AF) vs mass fraction (MF) of MWCNT calculated from isotherms obtained during transfer process

The relative measurement uncertainty can be calculated by following equation:

AAF:AA1+AAexp+AFF
AF ~ A, A, FF

where AA;, AA, and AFF are the measurement errors of the area per unit mass of selected
mixture component. The estimated AF relative error for our measurements was in range of 4.7-
8.7 % and 0.4-2.6 % for MWCNT and PC, respectively. We estimated the relative errors of A
and A, from the highest difference between the values recorded for multiple II-A measurements
of the corresponding mixture. The largest contribution in the AF relative error has Fill Factor
(50-78 % of total error)
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Fig. S7 Transmittance of MWCNT/PC films at a wavelengths of 550 nm and 600 nm
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Lithium manganese oxide (LiMn,04) of spinel structure is a very attractive and widely applied active
material for lithium ion cells because of high potential vs. metallic lithium content, non-toxicity and low
cost of production. Unfortunately, the capacity fading at higher current densities limits its application in
fast charging batteries. One of the solutions to this problem is modification of the interface between the

current collector and the cathode mass. In this paper we proposed a modification of aluminum current
collector by coating it with a thin film of multiwalled carbon nanotubes. Two variants of Langmuir-
Schaefer method have been used for the first time to produce the film modifying the interface between
the collector and the active material. The proposed modification of the current collector resulted in
reduction of charge-transfer resistance and consequently in increasing cells capacity at high current

densities.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Because of high energy density, lithium ion batteries have been
widely applied in electric vehicles, portable electronics and smart
grids [1-6]. Lithium manganese oxide LiMn,04 (LMO) of spinel
structure has several advantages over layered Ni or Co oxide, such
as low cost, high discharge potential (4 V vs. Li/Li*) and reasonable
theoretical capacity of 148 mA h g~ . The major disadvantage of this
material is high capacity fading during charge-discharge cycles and
capacity fading at higher current densities which limits its
application in industry [7,8]. This drawback can be related to the
few factors: manganese dissolution, Jahn-Teller distortion at the
state of deep discharge and LMO spinel instability [9,10]. Recent
studies have shown that a carbon coated current collector can
reduce charge-transfer resistance, resulting in the enhanced power
performance [11-14]. In this work we focus on modification of the
interface between the Al current collector and the LMO-based
active mass with multiwalled carbon nanotubes (MWCNTs). In
order to prevent increasing electric resistance, the aluminum
substrate was coated with a thin film of multiwalled carbon

* Corresponding author.
E-mail address: danuta.wrobel@put.poznan.pl (D. Wrdbel).

http://dx.doi.org/10.1016/j.electacta.2016.11.058
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nanotubes using the Langmuir-Schaefer method. The Langmuir
layers of carbon nanotubes were used for the first time as the
current collector modification to bring significant improvement in
the cell parameters in high current density tests.

2. Experimental methods

In this work MWCNT (Sigma-Aldrich, diameter 6-9 nm, length
5 pm) Langmuir layers were used to modify the current collector in
lithium ion cells. Langmuir layers were produced from MWCNTs
suspension in chloroform of a concentration lower than 0.15 mg
ml~", the details are given in supplementary material
(Appendix A). The floating film preparation is described in details
in supplementary material (Appendix B) and in our previous work
[15]. The scheme of Langmuir layer formation is presented in
Fig. B.1 (Appendix B). Standard surface pressure vs. area isotherm
of MWCNT floating film was recorded and is presented in Fig. 1. The
MWCNT Langmuir layers were deposited on an aluminum foil
(10 x 10cm). The Al foil was cleaned with isopropanol and
chloroform prior to layer deposition. Two horizontal transfer
methods (Langmuir-Schaefer) were used to cover Al foils. In the
first method (L1) the substrate was emerged from the subphase
and it was coated with a compressed MWCNTs film. In the second
method (L2) the layer was transferred onto the substrate by gently
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Fig. 1. Isotherm of surface pressure vs. area of the MWCNTs layer. Inset — the SEM
image of the MWCNT layer.

stamping the MWCNT film on the water surface. The raising and
lowering speed of the substrates in both methods was 1 mmmin~".
The schemes of L1 and L2 transfer methods are presented in Fig. B.2
(Appendix B). The Al current collectors modified by only one
MWCNT layer were used in the study. Attempts to transfer MWCNT
multilayers were made, however the coverage proved to be highly
inhomogeneous. The optical image of Al substrate coated by mono
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and double layer of MWCNTs is presented in Fig. C.1 (Appendix C).
It is rather impossible to evaluate the MWCNTs transfer ratio,
however, the laser scanning confocal microscopy (not shown) and
SEM examinations (Fig. 1 insert) indicate good and homogeneous
coverage. The average mass of MWCNT thin film transferred onto
Al substrate (mcnt) can be estimated from the equation:

cv
MenT = A )

where C is the concentration of MWCNT (w/v) in suspension, V is
the suspension volume dispersed on the subphase and A is the
surface area between the barriers at the target surface pressure.
Using the surface area between barriers (A) at the targeted surface
pressure from Fig. 1, mcyr was estimated to be lower than
1 g cm 2. Taking into account the MWCNT diameter distribution
of 6-9 nm, we can conclude that the surface of Al substrate was not
fully coated. Assuming the average density of the MWCNT of
around 1.5 g cm > the average thickness of the layer is smaller than
6 nm. The MWCNT films are homogenous in the macro-scale and
well distributed on very large area — as follows from our
experience the only limitation of the area covered is the surface
of the Langmuir trough used. On the other hand, L1 and L2 films
analyzed in the micro-scale are formed as tangled networks of
individual and bundled MWCNTs. The inset of Fig. 1 shows the SEM
image of MWCNT L1 layer transferred onto Al substrate. The layer
is characterized by randomly dispersed holes of uncovered Al
substrate and few larger aggregates of MWCNTs. The transferred
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Fig. 2. Basic electrochemical parameters; 1 - a comparison of discharge profiles at the 40th cycle (from Fig. 2.2); 2 - the specific discharge capacities of LiMn204 electrodes
with various active mass loadings of the electrode with unmodified current collectors (A-E) and with a modified current collector (LS, S), the cells are charged/discharged with
current densities varied from 30 to 400 mA h g~'; 3 - the specific discharge capacities (40th cycle) of the modified and unmodified electrodes vs. active mass loading (linear fit
for the unmodified electrode for better presentation of the modification influence); 4 - energy stored in the electrodes at the last cycle of each current density.
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layer is transparent because of its thickness. The total reflectance
spectra of Al substrate and MWCNTs L1 layer transferred onto Al is
shown in Fig. C.2 and described in supplementary material
(Appendix C). The optical and electrical properties of MWCNT
Langmuir layer transferred onto glass and polymer are presented
in our previous papers [15,16]. Although the loading of MWCNTSs is
light, the modification of the aluminum foil surface results in
significant changes in the interface between the current collector
and the active material.

The cathode active material (LiMn,0,4) was synthesized via the
modified sol-gel method proposed by B. Hamankiewicz et al. and
standard cathode preparation procedure was used [17,18]. Details
of the cells preparation and electrochemical tests are given in
supplementary material Appendix D and Appendix E respectively.
Also the cross section SEM image of the C electrode is shown in
Fig. D.1 (Appendix D). Five unmodified electrodes of the active
mass loading between 1.3 and 12.7mgcm 2 were prepared as
reference samples (samples A-E in Fig. 2). The MWCNTs modified
electrodes were coated with the active material mass loading of 7.1
(sample LS) and 6.7 mgcm 2 (sample S) using the L1 and the L2
methods, respectively. The active mass loadings of modified
electrodes were chosen to ensure the highest reproducibility.
Standard deviation of the electrodes with mass loading about
7 mg cm~2 was within the measurement error (+3mAhg~') at all
current densities tested. For the electrochemical test the electrodes
were assembled in the two-electrode Swagelok type system with a
lithium metal foil (Sigma-Aldrich, 99%) as the reference electrode.
The cells were tested by chronopotentiometry using the constant
current mode in the varied potential range. The experiments were
performed under conditions similar to the operating parameters of
commercial cells. Charge (discharge) current density rates varied
from 30 to 400 mA g~ . In addition the electrochemical impedance
spectroscopy (EIS) analysis was carried out to characterize the
cathode resistance.

3. Results and discussion

The chronopotentiometric curves of discharging are presented
in Fig. 2.1 and reveal a two-step voltage profile with the plateaus
near 3.95V and 4.09V for the electrodes with the low active mass
loadings (samples A and B). The plateaus are attributed to Li*
insertion/removal from 8a sites. At the higher potential plateau,
the Li-Li interaction does not occur in contrast to the situation at
the lower potential plateau. For the high active mass loadings
(sample D) the higher plateau is not observed due to the electrode
polarization effect [20]. For E electrode no visible plateau is
recorded. Decrease in the potential vs. Li/Li* reduction is caused by
an increase in the active mass loading. The shape of chronopo-
tentiometric curves of the modified electrodes (samples S and LS)
is similar to that of the curves recorded for the low active mass
loading electrodes (samples A-C). The potential vs. Li/Li* recorded
for the S electrode was even higher than that for the electrode C
which had 0.3 mgcm 2 less active mass loading. The LS electrode
potential vs. Li/Li* was the same as that observed for the electrode
C, although the active mass loading was by 0.7 mgcm 2 higher.

Fig. 2.2 shows the specific discharge capacities (Q) of the
modified (S, LS) and the unmodified electrodes (A-E) with various
active mass loadings. In the first cycle, the highest specific capacity
117 mAh g~ ! was achieved for the electrode with the lowest active
mass loading (1.3 mgcm 2), while the specific capacity of the
remaining electrodes was in the range 110-107mAhg~'. More-
over, in the first cycle the specific capacity difference between the
best and the worst electrode was 10mAhg~! and at the 10th cycle
this difference decreased to 7mAhg~!. For the active mass
loadings between 2.7 mgcm™2 and 10.7 mg cm~2, major changes
in the specific capacities were observed at the current densities

200 and 400 mA g~ '. In the 40th cycle, the specific capacities of the
modified electrodes were higher when compared to those of the
electrode C which had active mass loading similar to that of the
modified electrodes. The differences were 20 and 11 mAhg~! for S
and LS electrodes, respectively. After 45 cycles, the specific
capacity retention was not higher than 6% for all electrodes tested.
The specific capacities of the electrodes A-E decreased linearly
with increasing active mass loadings in the mass range studied, as
shown in Fig. 2.3 . For the MWCNT modified collectors, a clear
deviation from the linear fit of unmodified electrodes capacities
versus active mass loading was observed. The LS and S electrodes
were characterized by significantly higher capacities than those
implied by the linear fit of the capacities of the unmodified
electrodes with the same active mass loadings. With increasing
current density, the specific capacities were reduced more rapidly
for the electrodes with higher active mass loadings. A similar effect
has been observed by Hamankiewicz et al. [17] and explained by
Thunman et al. [19]. A possible explanation is that the specific
capacity of the electrode was reduced by the electric resistance and
ion transport in it.

In order to get more information on the impact of the current
collector modification, the energy stored in electrodes (Es) was
calculated from the equation defining it:

t
E — I/U(t)dt ,
‘0

where U(t) is the electrode potential vs Li/Li*, I is the current used
to discharge the electrodes and t is the time of discharging the
electrode measured between 4.2 and 3.0V potential vs. Li/Li*. The
results are presented in Fig. 2.4 . The highest energy stored in the
electrodes was recorded for electrode E (12.7mgcm—2) at 30 mA
g~ ! current density. Increasing the current density resulted in a
more rapid decrease in the energy stored in the electrodes with
higher mass loading. As expected, the electrodes with the modified
current collector were characterized by the highest energy stored
at the highest current density of 400 mA g~ '. The values of energy
stored in LS and S electrodes are 1.6 and 2.0 mW h, respectively.
These values are by about 18% and 42% higher when compared to
the corresponding values for C electrode. For the current density of
200mAg ! the energy stored in the two modified electrodes was
by 22% higher than that stored in electrode C. Moreover, the energy
stored in the modified electrodes decreased more slowly with
increasing current density, Especially when compared to that
stored in the electrodes with the highest active mass loading
(sample E).

The above results indicate that the presence of MWCNTs in the
interface between the Al foil and the active mass causes a reduction
in electrical resistance [12-14], which results in improving the
electrode parameters: specific capacities, storage energy and
potential vs. Li/Li*. The effect is especially pronounced for high
current densities tested. To verify the effect of modification of the
current collector with the MWCNT layer, the electrochemical
impedance spectroscopy was also performed. In Fig. 3 the Nyquist
plots and the equivalent circuits of electrodes C, LS and S are
shown.

For the electrode with the unmodified current collector (sample
C), the inclined line at the low frequency associated with the
diffusion process and one semi-circle at the high frequency
originated from the charge transfer reaction, were recorded [14].
Moreover, at the highest frequency an additional small semi-circle
was detected for the modified electrodes. The small semi-circle
originated from the additional interface made of the MWCNT layer
between the current collector and the cathode mass. A similar
effect has been observed by Chen et al. [14] but the small semi-
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Fig. 3. Nyquist plots and the equivalent circuits of cells with the modified (LS and S)
and the unmodified (C) current collector; Ry, — bulk resistance of cell, CPE - constant
phase element, R¢ - interfacial resistance due to MWCNTs layer, R, — charge transfer
resistance, W - Warburg impedance.

circle was observed at a medium frequency. In the modified
cathode, part of the charge is transferred directly from the active
mass to Al current collector and the remaining charge reaches the
current collector through the network of carbon nanotubes. This
modification results in improvement in the cathode parameters at
higher current densities. As a result of the MWCNT layer, the
interfacial resistances expressed by R¢ parameters of the electrodes
LS and S, were fitted as 10 ) and 8 (), respectively. In our work the
proposed modification of the current collector results in a decrease
in the charge transfer resistance (R.) parameter from 39 () for
electrode C to 22() and 25() for the electrodes LS and S,
respectively. The EIS results are summarized in Table 1.

The improvement in the electrochemical parameters in the
MWCNT modified electrodes can be explained in two ways: as a
result of upgrading the electrical transport in the electrode and
enhancement of adhesion between the active mass and the Al
collector. The improvement in adhesion for the MWCNT modified
electrodes, when compared to that in the unmodified electrodes
was observed as we tried to clean the modified and unmodified
collector surface. We were able to easily clean the whole surface of
the unmodified collector by simple mechanical peeling off the
active mass. For the MWCNT modified electrodes intensive
polishing had to be used to fully clean the collector. The influence
of adhesion at the active layer/current collector interface Li-ion

Table 1

Summarized data of the electrodes with the modified (LS and S) and the unmodified
(C) current collector; where Ry, - bulk resistance of cell, R¢ — interfacial resistance
due to MWCNTs layer, R, - charge transfer resistance, W - Warburg impedance.

Electrode type C LS S
Active mass loading [mg cm~2] 6.4 71 6.7
Capacity retention [%] 4.6 6.3 3.7
EIS results Rp 7 6 6
[Q] R¢ - 10 8
Ret 39 22 25
Reel 46 32 35
w 49 32 36
Cycle number  Current densities [mAg~']  Specific Capacity [mAhg™']
C LS S
1 30 108 111 107
10 30 106 108 105
20 100 98 104 102
30 200 85 99 96
40 400 59 70 79

45 30 103 104 103

batteries has been analyzed by Wu et al. [12]. Moreover, the
modified electrodes are characterized by significantly lower
resistance than the unmodified ones. Also an additional small
semi-circle is observed in the Nyquist plots (Fig. 3) recorded for the
modified electrodes which indicates significant influence of
MWCNT layer on electrode electrical transport as observed by
Chen et al. [14].

The SEM and LSM investigation shows no differences between
MWCNT layers obtained by the L1 and L2 methods: However, the
electrochemical performance of the modified electrodes is
different for the layers deposited in L1 and L2 process. The only
difference in the layers created by L1 and L2 methods is the contact
time with water. In L1 method the collector before deposition
remains in water for 2 h and after deposition it is wet and subjected
to drying for about 1h in air. In L2 method the Al substrate dries
immediately after MWCNT transfer and the Al collector contact
with water does not exceed 5min. The native AlOx passivation
layer is present on the Al collector surface before and after MWCNT
deposition and it can be extended in corrosion process accelerated
by water contact. Shorter contact with water can explain higher
capacity of S electrode at high current density experiment than
that of LS electrode. On the other hand, the resistance parameters
obtained from EIS experiments are higher for S electrode, which
contradicts the idea of insulating effect of AlOx layer. However, the
difference in specific capacities between the S and LS electrodes is
slight, especially taking into account the sensitivity of LMO based
cells to active mass loadings changes in high current densities
experiments - the effect is clearly seen in Fig. 2.3 for unmodified
electrodes capacities. The LS electrode active mass loading is
higher than that of S electrodes, which can explain the differences
in capacities. Moreover, taking into account the measurement
uncertainty, we can conclude that the differences between the
capacities of S and LS electrodes are negligible.

4. Conclusion

In conclusion, the MWCNTs thin film on the aluminum current
collector was fabricated using two Langmuir-Schaefer deposition
techniques. The greatest advantage of the Langmuir-Schaefer
deposition technique is the ability to transfer large scale thin films
whose size is limited only by the dimensions of the Langmuir
trough. The amount of material used for the thin film coating (less
than 1 g cm—2) is also negligible in terms of material cost and total
weight of the electrodes produced. Moreover, the electrodes with
modified current collectors demonstrated better power perfor-
mance than those with the unmodified current collector with
similar active mass loading. The specific capacities were increased
more than 18% and 33% for the electrodes LS and S, respectively,
when compared that of electrode C at the current density
400mA g~ L. More than 10% increase in the specific capacities at
the current density 200 mA g~ ! was revealed for the electrodes LS
and S. The energy stored in electrodes LS and S was higher by about
43% and 19%, respectively, when compared to that s for electrode C.
The improved properties of the MWCNT modified electrodes result
from the lower electrical resistance at the interface between the
electrode and the active mass. The charge transfer resistance
decreased more than 35% for the MWCNTs modified electrodes
when compared to that of electrode C. The electrochemical
investigation of the cells was performed under conditions similar
to those defined by the operating parameters of commercial cells.
However, the Langmuir method is “time consuming” and the study
presented is mostly cognitive in character. Nevertheless, the
proposed modification of the current collector is worth consider-
ing for Li-ion batteries applications.
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Appendix A: MWCNTs suspension preparation

3 mg of MWCNT (Sigma-Aldrich, diameter 6-9 nm, length 5 ym) powder was added to 75 ml chloroform
(Uvasol) and sonicated for 20 min (Ultra-sonic Bath POLSONIC; 300 W). The suspension was kept in a
glass container for 48 h to allow bigger MWCNT aggregates to settle. Then, 50 ml of the top part of the
sample was collected, and 50 ml chloroform was added to the collected dispersion and sonicated again for
20 min. The suspension was very stable and after 30 days storage at about 4C no sediment was observed.
Appendix B: Floating film formation (Langmuir layer)

MWCNT Langmuir layers were obtained using the model 2000 Langmuir-Blodgett system (KSV Instrument
Ltd.) with the Teflon trough of 870 cm2 (custom made) at 21 °C. Deionized water (electric resistivity 18.2 MQ
cm) obtained with an ultrapure water purification system (Millipore Corp) was used as a subphase.

To obtain a floating film the MWCNT suspension was carefully spread onto the subphase and the chloroform
was allowed to evaporate. The floating film was compressed symmetrically from both sides at the 75 mm?
min~" rate of surface compression change. The surface pressure during the film compression was recorded
using Wilhelmy plate method. Before transferring the MWCNT Langmuir layer was relaxed at 20 mN m™'
surface pressure for 15 min in order to produce a more homogenous film, with respect to non-relaxed film.

Schemes of this methods was presented in Fig B.1 and Fig B.2.
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Fig. B.2 Scheme of L1 and L2 MWCNTs layer transfer methods

Appendix C: optical properties of MWCNTs coating

The optical image of Al substrate coated by mono and double layer of MWCNTs is presented in Fig. C.1.

The total reflectance spectra of MWCNTs coated Al in the wavelength range 350-900 nm were recorded

using a spectrophotometer (Cary 4000 Varian) with diffuse reflectance accessory (DRA); the incident beam

was directed at the 3° 20" angle with respect to the sample normal. As a the reflectance standard PTFE

(Varian) has been used.

The total reflectance spectra of the Al substrate and MWCNTs layer transferred on Al (L1 method) are shown

in Fig. C.2 Al substrate reflects about 90% of light in tested range. The MWCNTSs coating causes decrease of

reflectance however, the total reflectance of L1 layer transferred onto Al exhibit reflectance higher than 55%

over the range.



Fig. C.1 Optical image of tested current collectors
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Fig. C.2 The total reflectance spectra of Al substrate and MWCNTs L1 layer transferred onto Al

Appendix D: cathode preparation

Slurry of LiMn.O,4 powder (80 wt.%), polyvinylidene-fluoride binder (10 wt.%, PVDF, Fluka) and carbon black
(10 wt.%, Vulcan XC72R) have been mixed and dissolved in N-methyl-pyrrolidone (NMP, Sigma Aldrich). A
uniform slurry was achieved by adding 2.5 ml NMP to 1 g of mixed powder. To prepare the cathode
electrodes, pure and modified Al foil was coated by the slurry using the doctor-blade technique.

The cross section SEM image of the C electrode (mass loading 6.4 mg cm) was shown at Fig. D.1. The Al
substrate visible on the image on the left side (more homogenous part) having a thickness of about 10 ym.
The cathode material right side of the image (more porous) is characterized by the thickness of about 20 pm.

The SEM image has been done by using Phenom ProX microscope.



Fig. D.1 The cross section SEM image of the C electrode

Appendix E: Cell preparation and electrochemical tests
In tested Swagelok type system Celgard 2400 was used as the separator and a liquid mixture (Basf LP30)
containing solution of 1M LiPFs dissolved in ethylene carbonate (EC) and dimethyl carbonate (DMC) of

volume proportion 1:1 was used as the electrolyte. All cells were assembled in an Ar-filled glove box.
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