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Utilizing cellulose nanofibers (CNF) attracts tremendous attention in terms of developing a non-breakable film 10 

with high toughness and optically transparent properties. Here, the author introduces a new characterization 11 

method in order to compare the relative degree of the crystalline and amorphous characters of CNF by correlating 12 

Graphene-Quenching Raman Scattering (GQRS) with Electrostatic Force Microscope (EFM) results. This nano-13 

metrology may pave the new way in quantitatively unraveling the degree of lignin and hemicellulose.  14 
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 17 

From a few decades ago, cellulose materials frequently offer the normal standard to determine the degree of 18 

eco-compatibility and this property makes cellulose materials for a variety of fields as eco-friendly functional 19 

materials not to harm the surrounding environment [1]. Moreover, cellulose is one of the naturally abundant 20 

materials and can be produced and exfoliated as a nanofiber type formation by chemical and mechanical pre-21 

treatment from woods, plants, bacteria, and tunicate [2]. Especially, cellulose nanocrystal (CNC) division has a 22 

pivotal role in showing strong mechanical, transparent, and flexible properties [3]. One of the main applications 23 

with its unique properties in CNC can be fitted into employed in the fabrication of macro-and nano-dimensional 24 

film with high optical transparency and toughness [4, 5].   25 

Herein, the author attempts to develop a new characterization nano-metrology that can unveil the superior factor 26 

in terms of making a highly transparent and tough film. 27 

Each cellulose sample from raw biomass materials is primarily solvated into deionized (DI) water and mixed 28 

with phosphoric groups (H2PO4
−) to enhance electrostatic repulsive force between CNF to chemically fabricate 29 

individual CNF. After that, the hydrolysis process using strong sulfuric acid is employed in order to make non-30 

aggregate and well-dispersed CNC [6]. The heating and mechanical grinding by homogenizer are sequentially 31 

applied [7]. From these procedures, the author can anticipate the further formation of the individualized CNCs, as 32 

defined medium-density fibreboard (MDF) and medium-density fibreboard (HDF) between softwood and 33 

hardwood cellulose in this experiment. 34 
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 35 

Scheme. 1 Schematic picture showing an experimental apparatus in this work. Briefly, the principle of Electrostatic 36 

Force Microscope (EFM) image acquisition can be illustrated in the left part, in which the nanoscale electrostatic 37 

interaction between sample and tip under a certain bias is employed during scanning [8, 9]. Separately, the confocal 38 

Raman spectrum using CNF can be obtained by 632.8 nm excitation with CVD-grown graphene monolayer (CVD-39 

GM) on SiO2/Si substrate so as to efficiently eliminate the unwanted fluorescence background signal by virtue of 40 

the quenching effect from the underneath CVD-GM substrate. 41 

 42 

Scheme 1 exhibits the illustration of experimental apparatus for doing both EFM and Graphene-Quenching 43 

Raman Scattering (GQRS) characterizations. Briefly, EFM maps the electrical properties of a sample surface by 44 

measuring the electrostatic force between the surface and a biased Au-coated Atomic Force Microscope (AFM) 45 

cantilever. EFM, a voltage is applied between the tip and the sample (tip = 5 V and sample = 0 V) while the 46 

cantilever hovers above the surface, not touching it. The cantilever deflects when it scans over a static charge. To 47 

obtain an EFM image it is necessary to separate the overall EFM signal into a topographic AFM image and an 48 

EFM image at the same time and at the same location. The key issue to resolving it is to apply the single-pass 49 

technique. In short, the tip is scanned over the surface while oscillating at a frequency f (here ~180 kHz), obtaining 50 

a non-contact AFM image of the surface topography. At the same time, the author employs an AC bias to the tip 51 

at the frequency ω (here ~18 kHz) through an external lock-in amplifier and also applies a DC bias from the control 52 
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electronics. Therefore, the author can disentangle the topographic image and the EFM image simultaneously [8, 53 

9]. The GQRS spectra can be obtained using a high numerical aperture (N.A. 0.9) air-immersion objective lens 54 

with 632.8 nm excitation. In particular, the gel-type cellulose samples are loaded onto the CVD-GM/SiO2/Si 55 

substrate to efficiently remove the unwanted luminescence such as auto-fluorescence from the samples [10, 11]  56 

 57 

Fig. 1 (a) ~ (d) shows the electrostatic force microscope (EFM) images between hardwood of (a)/(b) and softwood 58 

CNF of (c)/(d) with different degrees of density, confirmed by the corresponded AFM images of (e) ~ (h), with 59 

the above EFM images. The EFM amplitude voltage of the hardwood set of (a)/(b) exhibits a relatively higher 60 

voltage value than the softwood case. The higher density of each wood CNF also shows the lower EFM voltage 61 

value. 62 

 63 

Figure 1 shows the EFM and AFM images of CNF, corresponding between the above and below, respectively, 64 

such as (a) and (e). The author can also distinguish between (a)/(b) and (c)/(d) as hardwood (bamboo) and softwood 65 

(needle leaf tree) CNF, respectively. In both hardwood and softwood, the author can further disentangle MDF and 66 

HDF by the different degrees of mechanical grinding and homogenizer treatment. Preferentially, the author can 67 

investigate the different averaged EFM amplitude voltage between Figure 1(a) and (b). At this time, it is 68 

worthwhile to note that the higher EFM voltage means the Au-coated tapping amplitude is relatively larger due to 69 

less electrostatic attractive force between the tip and sample, indicating this sample is a more hydrophobic, larger 70 
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population of CNC, and reflects less distribution of lignin and hemicellulose accordingly [12-14]. Moreover, it 71 

can be also deduced that the reason for the higher EFM voltage (4.848 V) image in Figure 1(a) than 1(b) may be 72 

attributable to the degree of entanglement of CNF formation, in which the MDF of Figure 1(a) is clearly visible as 73 

separate CNCs with the lower aspect ratio shape from the corresponding AFM image in Figure 1(e), following the 74 

near-individual formation [15, 16], whereas the HDF sample in Figure 1(b) with relatively lower EFM voltage 75 

(4.730 V) is shown likewise relatively higher entanglement and somewhat higher aspect ratio rather than the MDF 76 

according to the corresponding AFM image in Figure 1(f), resulting in strong intra- and intermolecular hydrogen 77 

bond interaction and strong affinity [17]. Therefore, the hydrophilic properties originated from the relatively higher 78 

amount of lignin and hemicellulose may be anticipated in Figure 1(b) with the smaller population of CNC, and 79 

reflects more distribution of lignin and hemicellulose accordingly.   80 

 In this regard, the author can also acknowledge in Figure 1(c)/(g) and 1(d)/(h) as the analogous case to the 81 

hardwood results except for the different origins of CNF (Softwood). In general, the composition of hardwood 82 

(bamboo) was determined to be 40~46% cellulose, 17~23% hemicelluloses, 18~25% lignin while the composition 83 

of softwood (needle leaf tree) was known to be 45~50% cellulose, 19~22% hemicelluloses, 21~29% lignin [18]. 84 

From this report, the significantly lower EFM voltage in softwood cases can be ascribed to the higher population 85 

of lignin components. According to the chemical structure of lignin, a lot of conjugated -electrons and hydroxyl 86 

groups are present and may have a role to exhibit relatively hydrophilic properties, especially, in amorphous or 87 

disordered domains in CNF [19]. As such, it can be interpreted that a higher concentration of lignin in softwood 88 

shows significantly lower EFM voltage in this experiment. Moreover, the degree of mechanical treatment by 89 

grinding and homogenizer also influences the slightly different EFM voltage (0.918 V) between Figure 1(c) and 90 

1(d) by exploring the corresponding Figure 1(g)/(h) AFM images, respectively, likewise Figure 1(e)/(f) in 91 

hardwood case. 92 

 93 

 94 

 95 

 96 

 97 

 98 
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Fig. 2 The representative GQRS spectrum of CNF sample in this experiment with the assignment of two peak 99 

modes at ~1482 cm-1 and ~1090 cm-1 as I(Amorphous) and I(Crystalline), respectively, [20, 21]. 100 

 101 

According to the reference [20, 21], the author can assign two significant peak modes. At ~1090 cm-1 is the COC 102 

stretching symmetric vibrational mode, meaning that the existence of the crystalline chemical structure (or skeletal 103 

backbone structure) of CNC can be evidenced. Hence, the author can regard the COC stretching symmetric 104 

vibrational mode as I(Crystalline). In contrast, the peak at ~ 1482 cm-1 is assigned as HCH scissoring bending mode 105 

and can be utilized as I(Amorphous) in this work. 106 

 Furthermore, the author tries to obtain the correlated results with the aforementioned data by GQRS 107 

spectroscopy. Graphene is well-known thin-film material, especially, whose has a role to quench the unwanted 108 

luminescence or auto-fluorescence from nearby organic molecules to evidently investigate the Raman peaks 109 

without background signal on the basis of linear non-radiative energy transfer of organic molecules to near Dirac 110 

points of graphene [10, 11].  Figure 2 shows a representative background-free GQRS spectrum (up) and the 111 

subsequent de-convoluted (bottom), as shown in the right part of scheme 1. According to the previous reports, the 112 

author can assign the two representatives Raman peaks. At ~1090 cm-1 was assigned as COC stretching symmetric 113 
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vibrational mode, displaying the crystalline chemical structure (or skeletal backbone structure) of CNF and applied 114 

as I(Crystalline), whereas, the peak at ~ 1482 cm-1 is assigned as HCH scissoring bending mode and can be utilized as 115 

I(Amorphous) in this work [20]. In order to compare the degree of amount of lignin (or hemicellulose), the author can 116 

acquire the I[Amorphous]/ I(Crystalline) value from the de-convoluted GQRS spectrum quantitative evaluation. 117 

 118 

Fig. 3 In order to compare the degree of the relative amount of lignin or (hemicellulose) in each wood cellulose, 119 

the author employs the I(Amorphous)/I(Crystalline) value in the left axis and the corresponded overall EFM voltage 120 

acquired from the EFM images in the right axis as a function of both wood types and the degree of mechanical 121 

treatment. Consequently, the author can unveil the anti-correlation in that the highest degree of amorphous CNF 122 

from GQRS fits into the lowest EFM voltage in the SHD sample. Note that the SHD is softwood high density, 123 

SMD is softwood medium density, HHD is hardwood high density, and HMD is hardwood medium density.  124 

 125 

In Figure 3, the author can plot between the I(Amorphous)/I(Crystalline) value from the GQRS spectrum obtained 126 

in Figure 2 and the EFM voltage obtained in Figure 1 in the right axis as a function of a different kind of wood 127 

(soft/hard) and mechanical treatment of CNFs. Interestingly, the author can find out the anti-correlation plot, 128 

meaning that the CNF with the highest EFM voltage (HMD) is in sync with the lowest I(Amorphous)/I(Crystalline) value. 129 

It indicates that the degree of the highest hydrophobic property is clearly correlated to the degree of the highest 130 

crystalline in the HMD sample in this experiment. Therefore, the hardwood with medium density (HMD) CNF 131 

can be claimed as the most useful CNF in terms of achieving high transparency with high toughness considering 132 
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the minimum amount of lignin (or hemicellulose), which is in good agreement with the author’s belief. In contrast, 133 

the lowest EFM voltage CNF is correlated to the highest I(Amorphous)/I(Crystalline) value, which is understood from a 134 

maximum amount of lignin (or hemicellulose) in the case of SHD-CNF. 135 

 136 

To summarize, the author suggests and introduces a new nano-metrology tool in order to quantitively evaluate 137 

the degree of amount of lignin (or hemicellulose) in wood-type cellulose nanofiber. By trying to obtain both EFM 138 

voltage and I(Amorphous)/I(Crystalline) value from the GQRS spectrum at the same CNF samples, the author can 139 

specifically show the anti-correlation result between them and utilize it to assess what kinds of factors are important 140 

to fabricating a film with high toughness and transparent properties, which is deservedly preferable with the highest 141 

EFM voltage, as well as the lowest I(Amorphous)/I(Crystalline) value. With these characterizations and subsequent data 142 

analysis, the author expects it as one of the most useful methods to support and develop the new CNF-related 143 

materials. 144 

 145 
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