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Abstract 1 

Cellulose nanocrystals (CNCs) are renewable, sustainable and biocompatible nanomaterials, which 2 

have gained great attention in last years for their potentialities in several fields of application. With 3 

their polyelectrolyte behaviour, sulphated CNCs are suitable to produce multilayered architectures 4 

with cationic molecules. In this work, we have investigated the ability of anionic CNCs to assist the 5 

two-dimensional organization of two cationic fulleropyrrolidines at the air/water interface, leading 6 

to hybrid Langmuir-Schäfer films with improved (photo)electrical properties. We demonstrated that 7 

CNCs interact with the fulleropyrrolidines at the air/water interface, favouring the assembly of 8 

organized hybrid C60/CNC films. The transfer efficiency of Langmuir layers and the morphological 9 

regularity of supported films proved to be influenced by the extent of positive charge on the 10 

fullerene counterpart. Interestingly, the electrochemical characterization of hybrid films revealed 11 

that sulphated nanocellulose strongly improves the electrical properties of organized fullerene 12 

layers, by increasing their conductivity and favouring the hydrogen evolution reaction. Moreover, 13 

the well-established C60 photoactivity proved to be enhanced by CNCs, as demonstrated by the 14 

higher intensity of photocurrents. This outstanding nanocellulose impact on fullerene film electrical 15 

properties paves the way to the development of more performing C60-based electrochemical devices, 16 

able to better exploit the unique properties of carbon nanostructures.  17 

  18 
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1. Introduction  1 

Several natural materials are object of extensive studies. Among them, cellulose and its crystalline 2 

nanostructures [1-3] have attracted great attention for their abundance, low-toxicity [4, 5], high 3 

crystallinity [6], outstanding mechanical [7] and thermal properties [8], and optical transparency 4 

[9]. Nanocelluloses are renewable, sustainable and biocompatible; they show high aspect ratio, high 5 

crystallinity and high tensile modulus (120-145 GPa, comparable to the one of Kevlar) [10, 11]. For 6 

this reason, they are often incorporated into nanocomposite materials, with the specific goal of 7 

acting as fillers and reinforcing agents [12, 13]. Early reports on the isolation of cellulose 8 

nanocrystals (CNCs) from wood pulp by acidic hydrolysis were published by Battista [14] and 9 

Rånby et al. [15]. However, only recently the intriguing properties of nanocelluloses have given a 10 

clearer picture of their potentialities in several fields of application, including manufacturing of 11 

nanocomposites [12] and hydrogels [16], drug delivery [17], biocatalyst immobilization [18], 12 

biosensors [19] and transparent substrates for optoelectronic devices [20, 21]. Among the various 13 

nanocellulose structures, cellulose nanocrystals (CNCs) are defined by the Technical Association of 14 

the Pulp and Paper Industry (TAPPI) as crystalline fibres featuring high aspect ratio with a diameter 15 

ranging from 5 to 50 nm and length between 100 and 500 nm [22]. CNCs prepared by sulphuric 16 

acid hydrolysis of cellulose pulp are negatively charged at pH>1 as a consequence of surface 17 

sulphation and form stable colloidal suspensions that can be easily processed [23, 24]. Being 18 

polyelectrolytes, sulphated CNCs are amenable to sequential film growth by layer by layer (LbL) 19 

assembly [25, 26], to produce multilayered architectures that could, for instance, be used for coating 20 

surfaces. In this way, Cranston et al. [27] produced structured LbL thin films alternating high aspect 21 

ratio nanocrystalline cellulose and the polycation poly(allylamine hydrochloride) on a negatively 22 

charged substrate. Likewise, Podsiadlo et al. [28] presented anti-reflective coatings based on LbL 23 

deposition of nanocelluloses with poly(diallyldimethylammonium chloride). However, a more 24 

accurate control of the two-dimensional organization of nanocelluloses is offered by the Langmuir-25 
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Blodgett (LB) or Langmuir-Schäfer (LS) techniques [29-31]. By these methods, floating layers are 1 

assembled at the air-water interface and subsequently transferred onto suitable solid supports by 2 

either vertical (LB) or horizontal (LS) lifting. Compared to the vertical transfer technique, the 3 

horizontal lifting method is faster and more suitable for highly rigid films, whose molecular 4 

organization would be perturbed by substrate immersion and withdrawing [32]. Moreover, the 5 

multilayers transferred by the Langmuir-Schafer technique present an excellently organised 6 

architecture, often referred to as X-type films, with the hydrophobic side of molecules facing the 7 

substrate and the hydrophilic side exposed at the surface [33]. The LS method was efficiently 8 

applied to the deposition of organic thin films for electronics, a field of application where a fine 9 

control over the molecular orientation is crucial in determining the device performances [33-35]. 10 

Model 2D-organized thin films of sulphated CNCs were obtained via LB [36] and LS [37] 11 

techniques by Habibi et al. by spreading a cationic surfactant solution on a CNC aqueous subphase. 12 

Since these pioneer reports, no further examples of nanocellulose 2D organization by LB or LS 13 

technique appeared in the literature.  14 

Recently, sulphated nanocelluloses have demonstrated high potentialities as dispersing agents for 15 

carbon nanomaterials [38-40], like fullerenes, carbon nanotubes and graphene [41]. The surface 16 

charge of nanocelluloses probably interacts with the carbon nanomaterials by inducing polarization 17 

effects on their sp2 carbon lattice surface. Thanks to this electrostatic interaction single- and multi-18 

walled carbon nanotubes and reduced graphene oxide could be dispersed in water at different 19 

concentrations by interaction with cellulose nanofibers (CNFs) or nanocrystals (CNCs) [38]. The 20 

surface sulphation of CNCs was responsible for the surface charge of the aggregates and the 21 

stability in water of relevant dispersions. Carbon nanomaterials are suitable candidates for a number 22 

of applications in the field of electronics and optoelectronics and their organization in 2D ordered 23 

films by LS techniques has been studied aiming at the development of different functional materials 24 

[42-45]. In particular, fullerene derivatives display outstanding electron acceptor properties [46] 25 
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and, in association with donor molecules, can participate in photoinduced electron transfer 1 

processes [47], which represent the triggering step in photovoltaic energy production [48]. 2 

Nevertheless, photoactive layers based on the sole fullerene material in absence of donor molecules 3 

have also been reported [49]. In general, wet processing, as water processing, may be detrimental 4 

for 2D organization of C60-based materials, due to the high hydrophobic character of the fullerene 5 

cages that tend to crystallize into large aggregates, compromising the photoresponse of the active 6 

layers [50]. Likewise, the electrochemical properties of fullerene layers are strongly affected by 7 

grain size and film homogeneity [51,52]. Solutions were already proposed, synthesizing properly 8 

functionalized fullerene derivatives [53], some of which are amphiphilic [54] and suitable for layer-9 

by-layer deposition. In the work by Sgobba et al. [44], fulleropyrrolidines bearing polar hydrophilic 10 

head groups were prepared to enable their LS deposition. The polar portions were introduced by 11 

covalent functionalization of the carbon cage, leading to the formation of fulleropyrrolidines with 12 

an N-terminating oxyethylene chain. The presence of this appendage minimizes the attractive strong 13 

intermolecular - interactions between fullerene cages via steric hindrance. Moreover, being 14 

positively charged, these materials are less prone to aggregation also because of the electrostatic 15 

repulsion between the ammonium and/or pyrrolidinium moieties. The electrostatic coulomb 16 

interactions, established at the air-water interface between cationic fullerene derivatives and anionic 17 

porphyrins dissolved in the water subphase, were exploited to deposit oriented and ordered 18 

monolayer dyad films. The hybrid layers, transferred via the Langmuir-Schäfer method, yielded 19 

high-quality, robust, and photoactive thin films with photoconversion efficiency enhanced by 20 

increased transfer pressures [44]. 21 

Further examples of hybrid Langmuir-Schäfer films with (photo)electrochemical activity have been 22 

reported [55,56]. In general, the enhancement of photoactivity represents a big challenge for 23 

scientists due to the clear benefits of using light as driving force for a number of applications such 24 

as electricity production, pollutant degradation, fuel production, CO2 capture, chemical synthesis, 25 
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etc. In particular, new photocatalytic and photo-electrocatalytic systems have been recently 1 

proposed for emerging applications [57-62]. Despite this, very few examples of nanocomposites 2 

consisting of nanocellulose and fullerenes have been reported so far, mainly based on direct 3 

bioconjugation rather than finely controlled self-assembly techniques and with applications limited 4 

to the field of biotechnology and medicine [63,64]. This research aspect remains rather unexplored, 5 

in spite composites of nanocellulose with carbon nanotubes, nanodots, or graphene have appeared 6 

with interesting applications in the fields of conductive paper [38], materials for charge storage 7 

devices [20] and emitters of circularly polarized light [40]. 8 

Considering the potentialities shown by sulphated CNCs as dispersing and stabilizing agents for 9 

carbon nanomaterials, they represent the ideal candidate to interact with the positively charged 10 

fulleropyrrolidines, in consideration of their negative charge, excellent dispersibility in water, 11 

sustainability, high specific surface area and high thermal and mechanical stability. In addition, 12 

their hydrophilic surface and high specific surface area make them excellent mediators with a water 13 

environment. Therefore, in this work, we used cellulose nanocrystals, isolated from Avicel by 14 

sulphuric acid hydrolysis [65], for improving the 2D organization of LS films of fullerene 15 

derivatives. First, we employed the same fullerene derivatives described by Sgobba et al. [44] to 16 

assemble at the air/water interface the cellulose nanocrystals suspended in the subphase. 17 

Afterwards, we deposited the resulting hybrid films by horizontal lifting onto suitable substrates 18 

and investigated the role of CNCs in enhancing the (photo)electrochemical performances of C60 19 

films in aqueous environment. 20 
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 1 

Figure 1. Structures of the materials used in the present work: fullerene derivatives FP1 and FP2 and 2 

sulphated cellulose nanocrystals (CNCs). 3 

2. Experimental 4 

2.1 Synthetic procedures 5 

2.1.1 Fullerene derivatives: The fullerene derivatives FP1 and FP2 (whose structures are reported 6 

in Figure 1) have been prepared according to published synthetic protocols [66]. As previously 7 

mentioned, these fulleropyrrolidines are the same reported in [44], except for the counterion, which 8 

is trifluoroacetate in our case instead of chloride. 9 

2.1.2 Cellulose nanocrystals (CNCs): Avicel PH-101 was used as starting material for 10 

nanocrystalline cellulose isolation. Sonication of water suspensions was carried out with a Bransson 11 

Sonifier 250. 40 mL of deionized water were introduced in a 250 mL three necked round-bottom 12 

flask equipped with a water condenser and a mechanical stirrer. Then, the flask was cooled in an ice 13 

bath and 40 mL of concentrated H2SO4 were added. After that, 5 g of Avicel PH-101 were added 14 
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and the suspension was warmed to 45°C for 80 minutes. The system was cooled to room 1 

temperature and the mixture was transferred to polypropylene centrifugation tubes. Centrifugation 2 

at 1300 rcf for 10 minutes was repeated replacing the supernatant solution with deionized water 3 

until the pH was approximately 1. Then the precipitate was suspended in deionized water and 4 

dialyzed against distilled water until neutrality, using a cellulose nitrate membrane with a molecular 5 

weight cut-off of 12400 Da. The resulting suspension was sonicated with the aid of a tip sonicator 6 

(power 40 W, duty cycle 60%, time 10 mins) and transferred into polypropylene centrifugation 7 

tubes. The suspension was centrifuged at 1300 rcf for 10 minutes. The supernatant solution 8 

contained nanocellulose rods with length 280±70 nm, width 10±2 nm and aspect ratio 28, detected 9 

by AFM [62], with a total concentration of 18 mg/mL, which was suitably diluted for the 10 

experiments.  11 

2.2 Langmuir isotherms and Langmuir-Schäfer deposition  12 

Chloroform (Fluka, HPLC grade) and dimethylsulfoxide (Fluka, GC grade) were used as 13 

solvents for the spreading solutions of fullerene derivatives FP1 and FP2. For both 14 

compounds a 0.145 mg/ml solution was obtained after dissolving fullerene in a few drops of 15 

dimethylsulfoxide and then adding chloroform up to the required total volume. These 16 

solutions can be pondered as colloidal suspensions due to the incomplete solubilisation of 17 

fulleropyrrolidine colloidal particles in the spreading solvent [44]. Langmuir isotherms were 18 

recorded by a NIMA 601BAM trough with a 450 cm2 surface area. Ultrapure water 19 

(resistivity larger than 18 MΩ cm) from a Milli-Q system was employed as control subphase 20 

and for the preparation of CNC-supplemented subphases. For this purpose, the starting 18 21 

mg/ml CNC suspension was diluted to 0.036 mg/ml, representing the minimal concentration 22 

able to induce a clear and reproducible effect on fulleropyrrolidine Langmuir layer 23 

properties. A 200 µl aliquot of the fulleropyrrolidine solutions was spread at the air/water 24 
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interface on both CNC-free and CNC-supplemented subphases. After solvent evaporation, 1 

the floating film was compressed continuously at a speed of 7 cm2/min while the surface 2 

pressure was monitored by a Wilhelmy balance, thus allowing the acquisition of the 3 

Langmuir isotherm of the sample.  4 

The layers assembled at the air/water interface were transferred by the Langmuir-Schäfer 5 

deposition technique, which is performed by stamping the substrate on the floating film and 6 

lifting it upwards very slowly. The wet transferred films were then dried gently by N2 gas. 7 

Multilayers were deposited by repetitive stamping of substrates on different areas of the 8 

floating layer, using a suitable Teflon mask. During the transfer a surface pressure of 18 9 

mN/m was typically used. Deposition was carried out on clean quartz slides for AFM and on 10 

glass/ITO substrates for FTIR characterization and electrochemical measurements. Prior to 11 

the transfer (deposition) all substrates were rendered hydrophobic by exposing them 12 

overnight to vapours of 1,1,1,6,6,6-hexamethyldisilazane in a desiccator.  13 

2.3 Brewster Angle Microscopy 14 

Brewster angle microscopy (BAM) analysis [67] was carried out using the same NIMA 15 

601BAM apparatus, at a compression speed of 7 cm2/min. BAM images were acquired at 16 

different surface pressures using a NFT BAM 2plus system with a lateral resolution of 2 µm. 17 

2.4 Infrared Spectroscopy 18 

Mid-infrared spectra were acquired in wavenumber range 4000-400 cm-1 at 4 cm-1 resolution 19 

with a Perkin-Elmer Spectrum One FTIR spectrometer equipped with a DTGS detector [68]. 20 

An ATR horizontal sampling apparatus was employed for the analysis of fullerene and CNC 21 

starting materials, which were analysed as powders (FP1 and FP2) and as drop cast film 22 

(CNCs). The internal reflection element (IRE) was a three bounce 4 mm diameter diamond 23 

microprism mounted into a stainless-steel plate (Smiths technologies, former SensIR 24 



 
10 

 

technologies). Spectra of LS films deposited on ITO/glass slides were acquired by a 1 

multireflection accessory suitably designed for thin film analysis (AmplifIR, SensIR 2 

technologies). 3 

2.5 AFM measurements 4 

Atomic force microscopy topographies were taken using a Park XE-100 SPM system 5 

microscope. Images were acquired in non-contact mode using tips (Type PPP-NCHR) on a 6 

cantilever of 125 µm length, about 330 kHz resonance frequency, 42 N m-1 nominal force 7 

constant and <10 nm guaranteed tip curvature radius. Surface areas were sampled with a 8 

scan rate of 1 Hz. Topographies were analysed using the software XEI (Park System 9 

Corporation, version 1.8.0). 10 

2.6 Electrochemical measurements 11 

Electrochemical experiments were carried out by means of a µStat400 portable 12 

electrochemical sensor interface workstation (DropSens, Spain) controlled by computer. A 13 

three-electrode configuration with an Ag/AgCl reference electrode and a platinum wire 14 

counter electrode was employed. The working electrode (WE) was an ITO-coated glass slide 15 

where FP1 layers, assembled either on pure water or on a CNC subphase, were deposited by 16 

the LS technique. A 90 mM potassium phosphate buffer solution at pH 7.0 was employed as 17 

electrolyte medium. The electrochemical measurements were conducted without addition of 18 

any redox mediators and in aerobic conditions. Linear sweep voltammetry (LSV) 19 

measurements were conducted sweeping the potential from 0 to -500 mV at 50 mV/s scan 20 

rate. In order to investigate the electrochemical photo-response, analogous LSV traces were 21 

recorded under illumination. For this purpose, the light source was a 150 W quartz tungsten 22 

halogen lamp placed at 5 cm from the surface of the WE. Photo-chronoamperometry traces 23 
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were recorded at controlled WE potential, alternating darkness and light periods, using the 1 

same illumination system. 2 

3. Results and discussion  3 

3.1 Characterization of fullerene/CNC layers at the air/water interface  4 

3.1.1 Langmuir isotherms. The Langmuir isotherms for both FP1 and FP2 recorded on a 5 

pure water subphase and on an aqueous subphase containing 0.036 mg/mL CNCs are 6 

reported in Figure 2. The value of the limiting area per molecule was obtained by 7 

extrapolating the steep ascending portion of the Langmuir curve to surface pressure π=0 8 

mN/m. For FP1, the found limiting area per molecule was about 75 Å2, lower than the 9 

theoretical value of an ideal fullerene monolayer, equal to 86.6 Å2 [44]. This low value agrees 10 

with the establishment of intermolecular attractive π-π interactions between fullerene 11 

moieties resulting in stable 3D van der Waals aggregates with cohesive energy larger than 12 

30 kcal/mol [44]. The comparison between curves in Figure 2a indicates that the presence of 13 

cellulose nanocrystals in the subphase leads to modifications of the Langmuir isotherm, with 14 

a marked shift to higher limiting area value of 112 Å2. This can be ascribed to the attractive 15 

electrostatic interactions established between the positively charged FP1 and the negatively charged 16 

CNCs. The CNCs dispersed in the subphase may affect the limiting area value of FP1 by either 17 

penetrating the forming film or by inhibiting the 3D aggregation of fullerene moieties, enhancing 18 

the 2D character of the layer. The same preliminary evaluation via Langmuir isotherms analysis 19 

was performed also for FP2, on both pure water and 0.036 mg/ml CNC solution subphase. The 20 

corresponding isotherms are shown in the Figure 2b. As expected, FP2 interacts with cellulose 21 

nanocrystals producing a shift in the limiting area from 95 Å2 to 125 Å2 and this dramatic increase 22 

could be attributed again to the presence in the floating film of cellulose nanocrystals, whose 23 

electrostatic interaction with FP2 is strengthened by the double positive charge. 24 
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 1 

Figure 2. Langmuir isotherms recorded for FP1 (a) and FP2 (b) spread on a pure water subphase (continuous 2 

lines) and on a 0.036 mg/ml CNC aqueous suspension (dashed lines). 3 

 4 

3.1.2 Brewster Angle Microscopy. Brewster Angle Microscopy (BAM) measurements were 5 

acquired on the floating films at the air/water interface for both FP1 and FP2 interacting 6 

with a pure water or a 0.036 mg/ml CNC subphase. The BAM micrographs, shown in 7 

Figures 3 and 4 respectively, allow observing the progress of floating film formation, 8 

enlightening morphology changes occurring during the compression. FP1 and FP2 films 9 

appear heterogeneous, presenting both two-dimensional and three-dimensional features. The 10 

bright spots in the micrographs can be assigned to large fulleropyrrolidines 3D aggregates, 11 

while the dark background, which turns to grey at higher surface pressures, represents the 12 

monolayer, whose density is controlled by surface pressures.  13 
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 1 

Figure 3. BAM micrographs of floating layers of FP1 on a pure water subphase (A, B) and on an aqueous 2 

subphase containing CNCs at a concentration of 0.036 mg/mL (C, D). Micrographs A and C were acquired 3 

at 11 mN/m surface pressure, while micrographs B and D were acquired at 18 mN/m, representing the target 4 

pressure employed for film transfer. 5 

 6 

 7 

Figure 4. BAM micrographs of a layer of FP2 on a pure water subphase (A, B) and on an aqueous subphase 8 

containing CNCs 0.036 mg/mL (C, D). Micrographs A and C were acquired at 7 mN/m surface pressure, 9 

while micrographs B and D were acquired at 18 mN/m, representing the target pressure employed for film 10 

transfer. 11 
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 1 

As observed on the microscopic scale accessible with this technique (100 m scale bar), 2 

CNCs seem to have negligible influence on the amount and size of fulleropyrrolidine 3D 3 

aggregates. Actually, these characteristic floating aggregates appear as soon as solvent 4 

evaporates at zero surface pressure and likely represent colloidal particles of unsolubilized 5 

fulleropyrrolidine, whose amount at the air-water interface is not expected to depend on the 6 

subphase composition. The tendency to form this kind of aggregates was shown in a 7 

previous investigation [44] and explained on the basis of the limited solubility of FP1 and 8 

FP2 in the spreading solvent (CHCl3). Even the addition of a minimal amount of 9 

dimethylsulfoxide was not sufficient to achieve a complete dissolution of solid particles. 10 

Therefore, our BAM investigation demonstrated that CNCs dispersed in the subphase are 11 

not able to modify pre-existing fullerene aggregates (bright spots), suggesting that Langmuir 12 

isotherms modification arises from the CNC influence on the organization of the Langmuir 13 

layer, appearing homogenous at the microscale as a black/grey background, formed by 14 

fulleropyrrolidine molecules spread in non-aggregated form at the air/water interface. 15 

Following these considerations, a more in-deep morphological investigation was necessary 16 

in order to elucidate the effect of the charged cellulose nanocrystals on the fullerene film 17 

organisation (or the reciprocal effect) at the nanoscale.  18 

3.2 Characterization of fullerene/CNC layers deposited onto solid substrates  19 

3.2.1 AFM measurements. The surface topographies of the LS hybrid films were acquired 20 

by atomic force microscopy (AFM). AFM is a powerful tool to follow modifications in the 21 

aggregation pattern and was very useful to gain information on the morphology of 22 

assembled films. The floating layers were horizontally transferred on quartz substrates with 23 

the fullerene layer in contact with the substrate surface and the nanocellulose exposed on 24 
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top. Hence, differently from BAM microscopy that provided more information about the 1 

morphology of fullerene layers at the microscale, the AFM permitted to evaluate the 2 

organization of CNCs assisted by the two fullerene derivatives and the overall quality of the 3 

hybrid films at the nanoscale. The 2.5 x 2.5 m2 topographies were collected (Figure 5; for 4 

wider topographies, see also Appendix A, Figure S1). The topography for the sole FP1 5 

Langmuir-Schäfer film is shown in Figure 5a. FP1 characteristically exhibits small 6 

crystallites (few tens of nanometers in diameter), which aggregate in a homogeneous film-7 

like structure. Bigger area topographies (see Appendix A) revealed an uncomplete surface 8 

coverage for FP1. The AFM topography acquired on drop cast CNC films, shown in Figure 9 

5d, certified the presence of rod-like crystals. In a previous work, it was demonstrated that 10 

the average rod length was 280±70 nm, with a diameter of 10±2 nm [65]. 11 

 12 

Figure 5. 2.5 x 2.5 µm2 AFM non-contact topographies of thin films, deposited on quartz slides, of: 13 

a) FP1 single transfer LS film; b) FP1/CNC single transfer LS film; c) FP2/CNC single transfer LS 14 

film; d) drop cast thin film of CNCs; e) FP1/CNC triple transfer LS film; f) FP2/CNC triple transfer 15 

LS film. White arrows in panels b-f evidence areas with uncovered fullerene underlayer.  16 

 17 
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CNCs typically aggregate by their longitudinal dimension, thanks to the establishment of H-1 

bond interactions. However, the poor amphiphilic nature of CNCs [69] requires a second 2 

material to assist their strict organization in two-dimensional patterns by LS technique. 3 

Figure 5 shows the surface morphology for the two fullerene/CNC LS films both after single 4 

(5b, c) and triple (5e, f) transfer on quartz. The best situation is the one described in 5 

topographies 5b and d, relative to LS films formed by FP1 and cellulose nanocrystals. In the 6 

conditions under investigation, FP1 proved to be very effective in assisting the two-7 

dimensional self-assembling of CNCs at the interface: in particular, topography b 8 

(FP1/CNC single transfer LS film) reveals the presence of a thin 2D layer of cellulose 9 

nanocrystals connected, as expected, by their longitudinal dimension. The surface coverage 10 

is however uncomplete, revealing areas with uncovered fullerene underlayer (see also Figure 11 

S1). After three horizontal transfers (Fig. 5e), instead, the surface coverage is much 12 

improved, and the film keeps on exposing the CNC layer to air, revealing a certain order 13 

among the hybrid bilayers. 14 

Conversely, the FP2 proved to direct the 2D organization of CNCs in supported films less 15 

efficiently than FP1. Irregular aggregates were revealed in the topography corresponding to 16 

a single LS transfer of FP2 with CNCs (Fig. 5c), with a very patchy coverage of the surface. 17 

Consequently, the hybrid film left a wide uncovered glass surface. After three LS transfers 18 

the situation slightly improved, with areas containing hybrid aggregates of fulleropyrrolidine 19 

and nanocrystals and areas where only small globular aggregates, presumably of FP2, were 20 

present. This behaviour is not surprising, considering that cellulose nanomaterials are very 21 

effective dispersing agents for charged carbon nanomaterials. It is possible to envision that 22 

the higher surface charge of FP2 favours the formation of colloidal dispersions of FP2 and 23 

CNCs, which interfere with the desired 2D ordered organization that the LS technique 24 

should allow to achieve [38]. The trade-off of this phenomenon is represented by the use of 25 
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the single charged fulleropyrrolidine, allowing two-dimensional organization of both 1 

nanomaterials. 2 

3.2.2 FTIR spectroscopy measurements. As a preliminary measurement, the three starting 3 

materials were analysed by FTIR spectroscopy using an ATR sampling apparatus. The 4 

relevant ATR-FTIR spectra are shown in Figure S2. The spectrum of cellulose nanocrystals 5 

(trace A in Figure S2) shows the typical absorption profile found for samples mainly 6 

composed of cellulose I. The strong absorption band corresponding to OH stretching 7 

vibrations, as arising from intramolecular hydrogen bonds [70], is centred at 3342 cm-1. 8 

Multiple bands below 3000 cm-1 (2969, 2940 and 2904 cm-1) arise from C-H stretching 9 

modes. The band at 1630 cm-1 can be attributed to crystallized water, while the intensities of 10 

characteristic bands at 1373 cm-1 and 2904 cm-1 are typical of highly crystalline cellulose 11 

materials. The Lateral Order Index (1.11), i.e. the ratio between the “crystallinity” band at 12 

1428 cm-1 (symmetric CH2 bending vibration) and the “amorphous” band at 898 cm-1 (C-O-13 

C stretching at β 1-4 glycosidic linkages) [71, 72], despite being an underestimated value 14 

due to ATR band distortion, is in line with a high crystallinity degree of CNCs. On the other 15 

side, the spectra of both fullerene derivative powders (traces B and C in Figure S2) are 16 

dominated by intense absorption bands between 1100 and 1300 cm-1 arising from the 17 

trifluoroacetate counterion (C-F stretches [73]), although the contribution of the 18 

fulleropyrrolidine moiety is detectable. In particular, the methylene group stretching 19 

vibration signals are well evident in FP1 powder spectrum at 2953, 2921 and 2851 cm-1. The 20 

comparison of FP1 and FP2 spectra with sodium trifluoroacetate spectrum reported in the 21 

literature [74] allows assigning to the counterion the intense absorption band at 1675 cm-1 22 

(COO- stretching) and the sharp absorption bands between 700 and 900 cm-1. The higher 23 

contribution of trifluoroacetate spectral features in the infrared spectrum of FP2 powder is in 24 

line with the higher counterion content arising from the double fulleropyrrolidine charge. 25 
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The clear identification of CF3COO- spectral features helped to understand, as will be 1 

discussed later, the connection between the fate of the counterion and the electrochemical 2 

activity of the fullerene derivative FP1. 3 

4 
Figure 6. FTIR spectra acquired in multireflection mode of LS hybrid films resulting from the 5 

deposition of multiple layers of FP1/CNCs (A) and FP2/CNCs (B). Panel C shows the absorbance at 6 

3340 cm-1 (CNC marker band) as a function of the number of LS runs for both FP1/CNC (blue 7 

squares) and FP2/CNC (red squares) hybrid films, with the relevant linear fitting. 8 

 9 

Hybrid layers of both FP1/CNCs and FP2/CNCs were transferred onto ITO modified glass 10 

at 18 mN/m surface pressure. Since ITO reflects mid-infrared radiation, the films were 11 

suitably analysed in multi-reflection mode, which enhances the sensitivity of FTIR 12 

spectroscopy and allows to assess the film transfer efficiency by horizontal lifting. 13 

Panel A in Figure 6 shows the mid-infrared absorption spectra of the films relevant to the 14 

FP1/CNC system. The spectra confirmed the presence of CNCs in the hybrid films with 15 

their intense absorption bands at 3340 cm-1 (O–H stretching) and at 1060 cm-1 (C–O 16 

stretching). The presence of FP1 moiety in hybrid films is highlighted by bands at 2952, 17 

2919 and 2849 cm-1 that can be mainly assigned to C–H stretching vibrations of FP1 18 
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methylene groups, although cellulose C–H vibrations also contribute to infrared light 1 

absorption in this region.  2 

A further spectroscopic evidence of the presence of both components in transferred films 3 

was given by the comparison between the absorption profile recorded for a LS film of sole 4 

FP1 and the one corresponding to a hybrid FP1/CNC film (Figure S3). The relevant 5 

difference spectrum (Figure S3, trace C) shows in fact the infrared absorption pattern of 6 

nanocellulose. It is noteworthy the dramatic decrease of trifluoroacetate spectral features in 7 

the FTIR spectrum of FP1 LS film (Figure S3, trace B), as arises from comparison with the 8 

relevant powder spectrum (Figure S2, trace B). This finding indicates that most of CF3COO- 9 

counterions of FP1 are lost once its floating layer is compressed on a pure water subphase 10 

and transferred to the substrate. Being anion exchange processes ruled out in pure water, this 11 

phenomenon is consistent with the perturbation of acid-base equilibria at the air/water 12 

interface, which strongly affect the pKa value of acidic groups favouring the neutral form 13 

[75]. Hence, based on our FTIR data, we can argue that, in absence of CNCs dispersed in the 14 

subphase, the terminal ammonium group of FP1 undergoes significant deprotonation at the 15 

air-water interface, leading to LS films with a low ionic character. 16 

The intensity of mid-infrared spectra relevant to FP1/CNC films (Figure 6, panel A) 17 

increases with the number of horizontal lifts achieved, while maintaining the same 18 

qualitative pattern. This finding indicates that specific interactions between CNCs and FP1 19 

floating layer result in organized hybrid films with a well-defined stoichiometry, which is 20 

retained during the transfer process. The efficiency of the LS deposition method for this 21 

two-component system was confirmed by the linear dependence of the absorbance at 3340 22 

cm-1 on the number of transferred FP1/CNC layers, as shown in panel C (blue squares) of 23 

Figure 6.  24 
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Panel B in Figure 6 shows the mid-infrared absorption spectra relevant to multiple layers of 1 

FP2/CNC hybrid films deposited at the same surface pressure (18 mN/m). In agreement 2 

with AFM data, in this case the absorption intensity was significantly lower, confirming the 3 

lower compactness and quality of transferred films. Although a linear dependence between 4 

the absorbance at 3340 cm-1 and the number of LS runs was observed, the smaller slope of 5 

the relevant fitting line clearly indicates that the amount of transferred material onto the 6 

ITO/glass slide was much smaller than one achieved in the case of FP1/CNC hybrid films. 7 

Moreover, the ratio between C-H stretching band at 2919 cm-1 and O-H stretching band at 8 

3340 cm-1 was higher in FP2/CNC FTIR spectra than in FP1/CNC spectra. Being the 9 

absorption at 3340 cm-1 a marker signal for nanocellulose, this result is consistent with a 10 

lower CNC content in FP2/CNC hybrid films with respect to the fullerene counterpart. 11 

These findings suggest that, though fairly assembled at the air/water interface, as 12 

demonstrated by isotherm modification and BAM images, FP2/CNC hybrid layers are 13 

transferred horizontally onto the solid support with a very poor efficiency, leading to low 14 

quality LS films. The more pronounced hydrophilicity of FP2/CNC hybrid layers likely 15 

plays a role in weakening the adhesion of the Langmuir film to the solid support, favouring 16 

the loss of material by dispersion in the aqueous phase.  17 

The low contribution of CF3COO- signals in FP1/CNC and FP2/CNC hybrid film spectra, 18 

as arisen from the comparison with the spectra acquired from the powders (Figure S2, traces 19 

B and C), can be mainly ascribed to the electrostatic interaction with CNCs, which replace 20 

most of trifluoroacetate counterions. The polyelectrolyte behaviour of nanocellulose thus 21 

stabilizes the positive charge on terminal -NH3
+ groups, making negligible the deprotonation 22 

processes at the air water-interface and enhancing the ionic character of LS hybrid films.  23 

3.3 Photo-electrochemical activity of FP1/CNC films 24 
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Since AFM and FTIR data clearly demonstrated the better quality of FP1/CNC LS films, the 1 

subsequent investigation was focussed on the functional properties of layers assembled with 2 

FP1. In particular, the photo-electrochemical activity of both FP1 and FP1/CNC hybrid 3 

films was assessed and compared, in order to unveil a possible role of CNCs in improving 4 

(or worsening) the photo-electrochemical performances of fullerene-based materials. 5 

Nanocelluloses notably display good wettability in various electrolytes and stability over a 6 

wide potential window [76], characteristics that make them highly compatible with 7 

electrochemical studies. Furthermore, the CNCs offer a high specific surface area, due to 8 

their nanometric dimensions. This creates opportunities for the electrolyte solution of 9 

establishing percolation paths across the binary films that we prepared, which could be 10 

beneficial to the photo-electrochemical response of FP1. 11 

All electrochemical measurements were conducted immersing a 0.4 cm2 portion of the WE 12 

electrode into the electrolyte medium. The WE was an ITO/glass slide where 5 layers of 13 

either FP1 or FP1/CNCs were deposited by the Langmuir-Schäfer approach described 14 

previously. 15 

The linear sweep voltammetry (LSV) measurements, acquired by sweeping the potential 16 

from 0.00 mV to -500 mV vs Ag/AgCl at 50 mVs-1 scan rate, are shown in Figure 7. The 17 

voltammetric curves are relevant to the bare ITO working electrode (black line) and to the 18 

ITO electrodes modified with FP1 (blue line) and FP1/CNCs (red line). Since no redox 19 

active species were present into the aerobic electrolyte medium, faradaic currents could be 20 

ascribed only to the oxygen reduction reaction (ORR) or to the hydrogen evolution reaction 21 

(HER). The bare ITO electrode showed low cathodic current densities, revealing a negligible 22 

hydrogen evolution reaction (HER) rate. The charge transfer through the ITO/electrolyte 23 

interface allowing HER is notably not favoured, considering the low H+ adsorption on the 24 
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ITO surface [77]. On the other side, the small shoulder at -175 mV (see inset in Figure 8) 1 

could be attributed to ORR, made feasible on ITO by the aerobic electrolyte medium.  2 

 3 

Figure 7. LSV traces obtained sweeping the potential from 0 to -500 mV vs Ag/AgCl in a three-electrode 4 

electrochemical cell using a bare ITO working electrode (black line) or ITO electrodes modified with FP1 5 

(blue line) and FP1/CNC (red line) films. All films were obtained with 5 LS transfers. The electrolyte 6 

medium contained 90 mM potassium phosphate at pH 7.0. The scan rate was 50 mV/s. Inset: magnification 7 

of the potential window where the oxygen reduction reaction occurs. 8 

 9 

FP1-functionalized ITO electrodes (Figure 7, blue trace) showed an overall drop of recorded 10 

currents with respect to bare ITO, indicating a decrease in conductivity, pointing out the fullerene 11 

insulating behavior [51]. In terms of faradaic processes, the comparison with bare ITO showed that 12 

HER was still inhibited, while ORR was fully suppressed, as arisen from the disappearance of the 13 

characteristic shoulder (see inset in Figure 7). This behavior was not surprising, considering that 14 

fullerene films are not electroactive in aqueous environment in the potential range under 15 

investigation. Fullerene reduction processes, whose nature is still debated, occur in fact at much 16 

more negative potentials [78]. A strikingly different behavior arose in FP1/CNC composites (red 17 
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trace in Figure 7), which promoted a significant increase of cathodic currents. This finding 1 

suggested that CNCs facilitate the electron flow occurring at the hybrid film/electrolyte interface, 2 

improving the electrical conductivity and favoring the HER process. The shoulder related to ORR 3 

was absent (see inset in Figure 7), indicating again a hindering of the ORR process.  4 

The justification of the observed behavior requires first an explanation on the origin of the HER 5 

process at our electrode surfaces. The protonated form of amines was shown by Cretu et al. [79,80] 6 

to act as a proton carrier, accelerating the hydrogen evolution reaction on different metal electrodes. 7 

This suggests that the ammonium pendants on the fullerene moieties of hybrid films promote the 8 

HER process, while lateral -SO4- groups of CNCs likely play a role in creating shuttling paths for 9 

protons from the bulk to the amine groups at the electrode surface, enhancing the faradaic cathodic 10 

current. Hence, the cooperative interaction between ammonium groups on fullerenes and sulphate 11 

groups on CNCs create the conditions for HER to take place efficiently. 12 

Since fullerenes are known to be excellent photoactive materials, we preliminarily explored the 13 

photo-electrochemical activity of the assembled FP1/CNC hybrid films, in comparison to plain FP1 14 

films, in order to unveil the influence of CNCs on the photo-response of fullerene-based electrodes. 15 

Analogous LSV traces for ITO-FP1 and ITO-FP1/CNC electrodes were recorded under 16 

illumination and compared with those obtained in dark conditions. Photoactivity arisen from the 17 

fullerene moiety was observed in both samples, although higher photocurrents were obtained in the 18 

case of FP1/CNC films. Notably, at the applied potential of -400 mV vs Ag/AgCl, the measured 19 

photocurrents were nearly 0.21 µA/cm2 on ITO-FP1 and nearly 0.75 µA/cm2 on ITO-FP1/CNC, 20 

with a three-fold increment.  21 

In agreement with LSV data photo-chronoamperometric traces recorded at -400 mV applied 22 

potential (Figure 8, panel B), confirmed that the presence of CNCs enhance the photo-23 

response of the film, promoting the generation of a photocurrent at least twice as intense as 24 

that one recorded with the sole fullerene component. Both films showed fast electrical 25 
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response to the light stimulus with the attainment of a plateau photocurrent value and instant 1 

recovery of the background current upon switching off the lamp. Bare ITO electrodes 2 

showed a very poor photo-response (data not shown) in agreement with the key role of 3 

fullerene in the photo-sensitization of WE surface. Unlike what reported by Huang et al. 4 

[47], who evaluated the photo-response of LB films based on a fullerene dicarboxylic acid 5 

derivative in analogous experimental conditions, we could not suppress the photocurrent 6 

signal by removing dissolved oxygen with nitrogen. This finding further indicated that HER, 7 

rather than ORR, likely played a major role in photocurrent generation by our films. 8 

However, CNCs clearly acted as photocurrent enhancers on the photoactive fullerene-based 9 

material, an effect that was evident even in hybrid films prepared with a single transferred 10 

layer (see Figure S4). Therefore, CNCs proved to increase both background currents and 11 

photocurrents, indicating that the electron transfer processes sustaining the current under 12 

illumination were likewise favoured by the CNC-mediated assembly of C60 moieties. It is 13 

noteworthy that the amount of fulleropyrrolidine in FP1/CNC LS films was even lower than 14 

that one present in single-component FP1 films, as arises from spectra in Figure S3, ruling 15 

out the attribution of the increased photoactivity to the photocatalyst amount. Thus, we can 16 

conclude that the nanocellulose partner highly improves the photo-electrocatalytic efficiency 17 

of cationic fulleropyrrolidines, by playing a role in the supramolecular organization of their 18 

films, by enhancing their two-dimensional and ionic character and by increasing wettability 19 

and electrical communication with the electrolyte medium. 20 
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 1 

Figure 8. Panel A: LSV traces recorded under visible light illumination on ITO electrodes modified with FP1 2 

(blue continuous line) and FP1/CNC (red continuous line) films. LSV traces recorded in dark conditions are 3 

also reported for comparison (blue and red dashed lines for FP1 and FP1/CNC films respectively). Scan rate 4 

was 50 mV/s.  Panel B: Photo-chronoamperometry profiles recorded at -400 mV vs Ag/AgCl applied 5 

potential relevant to the same films of Panel A, namely plain FP1 (blue line) and FP1/CNC (red line). The 6 

10 s illumination period is indicated by arrows. All films were obtained with 5 horizontal transfers. 7 
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4. Conclusions 1 

In this work, we have investigated the ability of anionic CNCs to assist the 2D-assembly of 2 

cationic fulleropyrrolidines at the air/water interface. The results of our investigation 3 

demonstrated that sulphated cellulose nanocrystals organize at the air-water interface, thanks 4 

to electrostatic interactions with the charged fullerene layer, affecting the enthalpy-driven 5 

assembly of fulleropyrrolidines during film compression, as indicated by modification of 6 

relevant Langmuir isotherms. In particular, the high aspect ratio of CNCs likely favours the 7 

binding of several fullerene units along the rod-shaped crystals, which consequently 8 

organize parallel to the interface. Moreover, it is reasonable to envisage that the rigid 9 

structure of CNCs plays a role in controlling the approaching of bound fullerene cages 10 

during lateral compression of the hybrid film, thus influencing intermolecular interactions 11 

among fullerenes in relevant LS films. The hybrid CNC/fullerene films can be transferred 12 

onto ITO/glass slides with a reproducible stoichiometry for both derivatives. The film 13 

homogeneity improves with multiple transfers in both cases, but the increase in molecular 14 

charge in FP2 with respect to FP1 induces a less efficient nanocellulose uptake from the 15 

water subphase into the transferred film. This could be ascribed either to the different 16 

molecular structure of FP2, in which the second positive charge close to the carbon cage 17 

could prevent an effective supramolecular interaction, or to the higher water solubility of the 18 

relevant supramolecular assemblies, responsible for their scarce adhesion and stability onto 19 

the solid support. Interestingly, during the self-assembly, fulleropyrrolidines loose a 20 

significant amount of trifluoroacetate counterion both on pure water and CNC subphases, 21 

pointing out amine deprotonation processes in absence of CNCs and a role of anionic 22 

nanocrystals in preservation of ammonium positive charges. The ammonium pendants 23 

proved to be involved in the enhancement of cathodic currents and photocurrents observed 24 

in FP1/CNC hybrid films deposited onto ITO electrodes with respect to CNC-free fullerene 25 
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layers. The high impact of CNCs on the (photo)electrochemical activity of FP1 films 1 

revealed that CNCs are enhancers of the photo-electrocatalytic activity of fullerene-based 2 

coatings, by playing a multiple role in their two-dimensional supramolecular organization, in 3 

the preservation of their positive charge and in the increase of their overall wettability in the 4 

electrolyte medium. 5 
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