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A B S T R A C T

Cellulose nanocrystals (CNC) are the focus of significant attention in the broad area of sustainable technologies
for possessing many desirable properties such as a large surface area, high strength and stiffness, outstanding
colloidal stability, excellent biocompatibility and biodegradability, low weight and abundance in nature. Yet, a
fundamental understanding of the micro- and nanoscale electrical charge distribution on nanocellulose still
remains elusive. Here we present direct quantification and mapping of surface charges on CNCs at ambient
condition using advanced surface probe microscopy techniques such as Kelvin probe force microscopy (KPFM),
electrostatic force microscopy (EFM) and force-distance (F–D) curve measurements. We show by EFM mea-
surements that the surface charge in the solid-state (as contrasted with liquid dispersions) present at ambient
condition on CNCs provided by Innotech Alberta is intrinsically negative and the charge density is estimated to
be 13 μC/cm2. These charges also result in CNCs having two times the adhesive force exhibited by SiO2 sub-
strates in adhesion mapping studies. The origin of negative surface charge is likely due to the formation of CNCs
through sulfuric acid hydrolysis where sulfate half esters groups remained on the surface (Johnston et al., 2018).

1. Introduction

Products based on sustainable manufacturing processes and earth
abundant renewable materials have become increasingly important in
the last couple of decades due to concerns related to biodegradability,
environmental pollution, and toxicity risks related to animal and
human health. Cellulose is the most abundant biopolymer in the planet
which is produced at a scale of 1.5 × 1012 tonnes per year (Klemm,
Heublein, Fink, & Bohn, 2005). In its native form it has been used for
thousands of years in cotton, wood, etc. which directly contributed to
human civilization and cultures. On the other hand, there exist a wide
variety of applications such as food additives, pharmaceuticals, paper
production and construction, where cellulose and its derivatives have
been used for more than a century (Habibi, Lucia, & Rojas, 2010; Ilyas,
Sapuan, Sanyang, Ishak, & Zainudin, 2018; Mariano, El Kissi, &
Dufresne, 2014; Osong, Norgren, & Engstrand, 2016; Zhang, Lin, & Yao,
2015). Therefore, the extraction and manufacture of forest-based pro-
ducts such as textiles, paper, wood and furniture constitutes a major

industry group in several major economies of the world (Brinchi,
Cotana, Fortunati, & Kenny, 2013; Eichhorn, 2011).

Nanocelluloses (NCs) are semicrystalline polysaccharide fibers iso-
lated from wood pulp, bagasse, hemp and other natural cellulose-rich
sources by mechanical and chemical treatments (Capron, Rojas, &
Bordes, 2017; Kargarzadeh et al., 2018; Sofla, Brown, Tsuzuki, &
Rainey, 2016). These treatments include chemical hydrolysis, me-
chanical exfoliation and enzymatic approaches (Tan, Heo, Foo, Chew, &
Yoo, 2019). Depending on the preparation methods a significant var-
iation in the crystallinity, hydrophilicity, surface charge, elastic mod-
ulus and other physico-chemical properties are observed in the NCs,
based on which they can be categorized in two groups. For instance,
longer semi-crystalline fibrillar structures are called cellulose nanofi-
bers (CNF) whereas the highly crystalline structures are called cellulose
nanocrystals (CNCs). CNFs are flexible, micron-long nanofibers with
widths of 5−20 nm whilst CNCs are 100−500 nm in length and 4−10
nm in diameter (Kafy et al., 2017).

A key potential application area for CNCs and CNFs involves their
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incorporation in reinforced polymeric composites and nanocomposites
(Mariano et al., 2014; Miao & Hamad, 2013). CNCs are known to have a
high strength (∼7.6 GPa) as well as a high stiffness (∼130 GPa) (Lee,
Clancy, Kontturi, Bismarck, & Shaffer, 2016), a combination of prop-
erties that makes them particularly desirable for use in polymer com-
posites (Dufresne, 2013). While strength measures the total stress that
can be borne by the material before failure, the stiffness is the slope of
the stress-strain curve and measures the resistance of the material to
elastic deformation. The surfaces of CNCs have been chemically mod-
ified by techniques such as polymer chain grafting, radical-mediated
surface oxidation and surface esterification (Tang, Sisler, Grishkewich,
& Tam, 2017). Both bare CNCs and surface-functionalized CNCs have
been blended/cross-linked with a variety of hydrophilic and hydro-
phobic polymers including, but not limited to, poly(lactic acid), poly-
urethane, poly(ε-caprolactone), poly(vinylcetate), poly(vinylalcohol),
polyethylene, poly(acrylic acid), polyacrylamide, poly(methylmetha-
crylate) and poly(acrylonitrile). Such CNC-polymer nanocomposites
have been studied for use in light-weight, high strength biodegradable
structural materials (Geng, Haque, & Oksman, 2016), adaptive me-
chanical and optical components (Fallon, Kolb, Herwig, Foster, &
Bortner, 2019; Ko, Kim, Kim, Lee, & Kim, 2018), gas separation mem-
branes (Jahan, Niazi, Hägg, & Gregersen, 2018), electrically conductive
membranes (Alam et al., 2019; Xiong et al., 2016), proton exchange
membranes (Ni et al., 2018), epoxy resins (Trinh & Mekonnen, 2018)
and stimulus-responsive hydrogels (Kelly et al., 2013). All these ap-
plications demand the mixing of both bare and chemically modified
CNCs with diverse solvents, polymers and other additives which in turn,
depends on the interfacial interactions of CNCs. The interfacial prop-
erties of CNCs in blends depend on their surface charge density, state of
aggregation, size distribution, etc. In a recent paper, Jakubek et al.
(Jakubek et al., 2018) point out that there exist a number of char-
acterization challenges related to CNCs that are not satisfactorily ad-
dressed by currently used techniques such as dynamic light scattering
and electron microscopy. In this work, we use advanced scanning probe
microscopic techniques such as electrostatic force microscopy (EFM)
and scanning Kelvin probe microscopy (KPFM) to measure the surface
charge and charge-redistribution of CNCs.

The colloidal stability of CNC-containing dispersions in solvents and
polymer gels is significantly influenced by the high surface charge
density of CNCs. The bulk properties of nanocellulose gels and sus-
pensions, involving charges, were studied using several rheological
measurements in the past (Li et al., 2015; Shafiei-Sabet, Hamad, &
Hatzikiriakos, 2012). However, the surface charge measurement of
CNCs remained elusive as most of the measurements are carried out
using indirect techniques such as zeta potential measurements
(Prathapan, Thapa, Garnier, & Tabor, 2016) and conductometric titra-
tion experiments (Beck, Méthot, & Bouchard, 2015). Zeta potential
depends on the electrostatic potential measurement at the shear plane
which separates the Gouy-Chapman and the Stern layers of the elec-
trostatic double layer (EDL). Hence, this potential is a measurement of
surface charge of the object screened by the tightly bound inner Stern
layer of counterions (Hunter, 1981). On the other hand, conductometric
titration depends on the replacement of ions resulting from a change in
ionic conductivity (Mendham, Denney, Barnes, & Thomas, 2000). In
both these techniques, the measured surface charge of the CNCs de-
pends on the type of solvents used, ionic strength (in case of con-
ductometric titration) and their interaction with the solvent. These
techniques are less relevant when native surface charge in the solid-
state is required. Moreover, the surface charge measured by the above-
mentioned techniques is only an estimate of the gross charge of the
system, and does not allow measurement and mapping of the surface
charge of individual CNCs.

Recently EFM and KPFM were used by some of the co-authors of this
work to estimate the native surface charge of asphaltene and clay
(Gaikwad, Hande, Das, Mitra, & Thundat, 2015; Liu, Gaikwad, Hande,
Das, & Thundat, 2015). Here we extend these techniques to estimate the

surface charge behavior of CNCs synthesized by Innotech Alberta, Ca-
nada. Our study had three specific objectives. First, to understand the
surface potential of CNCs, which necessarily derives from the work
function difference, static charge and applied bias of the system using
the KPFM technique. Secondly, to quantify the amount of native charge
present on the surface under ambient condition and map the intrinsic
charges by measuring the frequency shift in EFM technique. Thirdly, to
assess the type of charges prevalent on the surface by injecting addi-
tional charge and measuring the resulting frequency shift using the EFM
technique.

2. Experimental section

2.1. Materials

Cellulose nanocrystals were supplied by Innotech Alberta
(Edmonton, Canada). These CNCs were H2SO4 hydrolyzed and ex-
tracted from wood pulp. Elemental analysis using CHNS testing in-
dicated that C, H and S content are 40.88, 6.11 and 1.17 wt.% re-
spectively (Alam et al., 2019). There were, as expected, no measurable
quantities of nitrogen. The XRD and Raman spectra of CNCs are shown
in Figs. S1 and S2 respectively (see supporting information).

2.2. Sample preparation

CNC whiskers were obtained from Alberta Innovates in solid form. A
clear non-turbid suspension of CNCs was prepared by dispersing the
CNCs in deionized water using probe sonication for 2 h. Once the
suspension was prepared, a 30 μL droplets from diluted and non-diluted
suspensions were drop casted on a piranha cleaned 500 nm thick
thermally grown silicon oxide wafer (SiO2/Si) and also on a 50 nm Au
coated silicon oxide wafer (SiO2/Si). By baking the wafer at 100 °C on a
hot plate for 3 h, the deposited CNC sample was dried and prepared for
peak force KPFM and EFM measurements (Fig. 1). Thermally grown
oxide wafer was used for EFM measurement whereas Au coated wafer
was used for KPFM measurement. Both these wafers also dried at 100 °C
on a hot plate for 3 h to remove surface water.

2.3. AFM, KPFM and EFM measurements

In order to carry out the AFM, KPFM and EFM measurements, the
samples were grounded by connecting them to the AFM chuck holder
using conductive copper tape. All the surface probe related

Fig. 1. Schematic illustration of sample preparation prior to scanning probe
microscopy.
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measurements were carried out using a Bruker Icon AFM system (Santa
Barbara, CA). Electrically conducting SCN-PIT probes (App Nano, CA)
with a resonance frequency of 73.8 kHz, quality factor of ∼ 150 with a
30 nm diameter tip were used. There were four cantilevers used in the
entire study and their spring constant were 4.1, 4.2, 4.7 and 4.8 N/m. In
order to image the surface topography and phase response of the CNCs,
tapping mode was adopted. Subsequently, peak force KPFM was con-
ducted in order to image the surface potential of the CNCs. EFM was
carried out to quantify the type and quantity of the native or funda-
mental charges on the surface. In order to measure the charges on the
surface, EFM scan was performed at various lift heights of the probe
which varied from 40 to 200 nm. Additionally, the tip bias was also
varied from -5 to +5 V DC at an interval of 1 V at individual lift height.
The analyses of the images were performed using Nanoscope analysis
software (V1.40, Bruker). All the experiments were performed at room
temperature (25 °C) and ambient atmosphere at 30–35 % humidity.

3. Results and discussion

The topographical and corresponding phase images of CNC ag-
gregates are shown in Fig. 2a and b. From the height profile in Fig. 2a,
the measured height of individual CNCs is of the order of 8–10 nm (see
Fig. S3 in supporting information) whereas the roughness of the sample
was found to be 3.5 nm (Foster et al., 2018). Parameters describing the
average size of the CNC measured from different AFM images are found
to be 143±20 nm (length) and 18±2 nm (cross section). The average
aspect ratio of individual CNCs is found to be 8 which is seen to be
lower than the literature (Reid, Villalobos, & Cranston, 2017).

The phase image of CNCs as shown in Fig. 2b clearly indicates the
interwoven structure of CNC films which also depicts the variation of
qualitative stiffness of the sample. This qualitative variation of stiffness
across the phase image arises due to the variation in the semicrystalline
nature of the sample. KPFM of CNCs was carried out in order to

measure the surface potential of the same. Fig. 3a and b show topo-
graphy and the corresponding surface potential of a CNC layer on top of
gold substrate. However, the scan area of these images (20 × 5 μm2) is
significantly larger than the previous one (1 × 1 μm2). This allows one
to visualize the clear contrast of surface potential of CNC and the gold
substrate. The topography of the magnified region of Fig. 3a is shown in
Fig. 3c, and its corresponding surface potential is shown in Fig. 3d. It is
evident that the surface potential of the CNC is 100 mV negative w.r.t.
the Au substrate.

In order to measure the surface charge distribution, EFM technique
was adopted. In EFM measurement, two major signals are normally
detected. One is surface topography during the trace and the other is
change in frequency or phase of the AFM tip during retrace at a given
constant lift height (z). The conductive AFM tip is sensitive enough to
detect the charges on the surface by measuring the force gradient in the
vertical direction i.e. ′ ≡ ∂ ∂F z F z( ) / . The force gradient is due to
Coulombic forces F z( ) generated between the stored charges on the
sample and its image charges on the tip. Therefore, the shift in fre-
quency of the cantilever Δf with respect to the original resonance fre-
quency f0 can be expressed by the following equation at a specific lift
height =z z0.

= − ∂ ∂Δf
f

F z z
k

1
2

/ ( )

0

0

(1)

where =f0 72 kHz is the resonant frequency and =k 4.2 N/m is the
stiffness of the cantilever used in this study.

Before performing EFM, a topographic image of one portion of CNC
was chosen. The topographic image (Fig. 4a) indicates the chosen re-
gion to be comprised of a bunch of CNCs forming a layer. Fig. 4a and b
show the topography of CNCs while Fig. 4c is the corresponding fre-
quency map of the same taken from the yellow square region of Fig. 4a.
The thickness of the CNC layer and corresponding frequency gradient is
shown in Fig. 4d at 0 V tip bias and 50 nm lift height. Further scanning

Fig. 2. (a) Topography of NC and its (b) corresponding phase images.

Fig. 3. (a) Topography and (b)
Corresponding surface potential mea-
sured from KPFM of CNC aggregates on
Au coated SiO2/Si wafer; (c), (d) are
topography and surface potential of
CNCs in the magnified yellow square
region of image (a); (e) shows height
and corresponding surface potential
variation across the red marked line in
images (a) and (b).
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the square area marked in red in Fig. 4b, the topography of individual
CNCs can be seen which are entangled with each other (Fig. 4e). The
corresponding frequency map in Fig. 4f depicts the variation in fre-
quencies of the entangled CNCs due to the local variation of charges
present on the surface. Fig. 4g and h show the height of individual CNCs
and the fluctuation of frequencies respectively across the white line
marked on Fig. 4e and f.

In order to measure the charge stored in the entangled CNC layer
(Fig. 4b) we used a parallel plate capacitor model developed by Schaadt
et al. (Schaadt, Yu, Sankar, & Berkowitz, 1999). By considering the CNC
layer as a charged plate with a surface charge density of σ and using the
above parallel plane capacitor model, the force F z( ) exerted on the
cantilever due to the Coulombic interaction is given by the following
expression

=
+

× ⎡

⎣
⎢− + + ⎤

⎦
⎥F z A

z t ε
t σ
ε ε

t V σ
ε

ε V
( )

( */ *)
( *)
2 ( *)

2 *
* 2
tip tip

2

2 2

0
2

0
2

(2)

where A is the surface area of the charged region, = +t t t* sio CNC2 is the
thickness of the capacitive layer, ε* is the effective dielectric constant, z

is the tip-sample separation or in other words the lift height and VEFM is
the voltage applied to the tip during the EFM scan(tip bias). It is im-
perative from the first term of the parentheses that its contribution
should be assuming no charge on the native minimal at =V 0tip and
therefore, minimum contrast should be observed at zero tip bias pro-
vided surface charge is also nearly negligible. However, higher native
surface charge would enhance the contrast at =V 0tip which we observe
in Fig. 4c and f. The second term is more pronounced with higher Vtip
and therefore the contrast of the image improves with higher tip bias.
The last term is independent of the native or stored charge of CNCs
which instead contributes to the background frequency shift of the
whole frequency images of EFM measurement. By combining Eqs. (1)
and (2), the following expression can be derived

=
+
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3
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(3)

The EFM measurements were taken at the same location at +1 V tip
bias by changing the lift height (z), as shown in the Fig. S4 (see sup-
porting information). Fig. 5 shows the variation of Δf with the function

Fig. 4. (a) Topography of CNC sample (b) Shows the topography of the magnified square area and (c) corresponding frequency mapping at =V V0tip (d) Variation of
height and frequency shift of the CNC sample as compared to the Si/SiO2 wafer (e) shows the topography of the CNC sample taken from the magnified red square area
of Fig. 4(b) and its corresponding frequency mapping in EFM scan (g) and (h) show the height and frequency variation inside the CNC sample through the marked
white line.
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of z and fitted to Eq. (3). The error bar indicates the variation of fre-
quency has been taken from different parts of the plateau area. As ex-
pected from Eq. (3), Δf varies inversely with the lift height as the
electrostatic force becomes weaker with increasing tip-sample distance.
Considering =f 72 kHz0 , =k 4.2 N/m, = × −A 1.63 10 m13 2,

= + = +t t t* (500 67) nmSiO CNC2 , =ε* 11.1, = × −ε 8.85 100
12 and

= +V 1 Vtip , estimated charge density is obtained to be 13 μC/cm2 using
Eq. (2). The regression coefficient is 0.91 implying a good fit of the
analytical model equation to the experimental data of the surface
charge using the existing theoretical model. The estimated charge from
this model matches quite well with the charge measurement on CNC
(0.1–1 e/nm2) performed by conductometric titration or zeta potential
measurements as reported in literature (Reid et al., 2017; Vanderfleet,
Osorio, & Cranston, 2018). Although the above model quantifies the
native permanent charge on the CNC layer, it does not indicate the type
of surface charge (positive or negative), on the sample. In order to find
out the type of charge, the following experiments were performed.
While conducting EFM experiments the major force that the cantilever
can experience depends on the electrical field across which the canti-
lever is moving. Assuming no charge on the native substrate and on the
particles spread on the substrate, the force gradient on the tip can be
expressed as (Thierry Mélin, Zdrojek, & Brunel, 2010)

∂
∂

= ∂
∂

−F
z

z C
z

V V( ) 1
2

( )tip S0
2

2
2

(4)

where C z( ) is the tip substrate capacitance and Vs represents the tip-
substrate work function difference. Intuitively capacitive forces exerted
on the cantilever lead to a frequency shift towards the negative end that
varies as a square function of −V V( )tip S . However, after introducing or
injecting Q charge from the tip to the substrate and on the CNC sample
rested on the substrate, an effective built-in potential VQ develops at the
tip-substrate and tip-sample interfaces which results in the following
effective force gradient.

∂
∂

= ∂
∂

− − − +F
z

z C
z

V V V V V V( ) 1
2

[( ) 2( ) ]tip S tip S Q Q0
2

2
2 2

(5)

From Eq. (5) it is discernible that because of the introduction of the
charges, there are two additional components added as compared to Eq.
(4) which contribute to the additional force gradient i.e. −V V V( ).tip S Q

and VQ
2. The first term i.e. −V V V( ).tip S Q allows us to determine the sign

of the native charges, as depending on the sign of VQ (injected charge)
the first term can alter its sign, and the second term i.e.VQ

2 contributes to
the image charge effect which always contribute to a larger negative
frequency shift because of the attractive force gradient (Mélin,
Diesinger, Deresmes, & Stiévenard, 2004; Mélin, Diesinger, Deresmes, &
Stiévenard, 2004). However, the second term (VQ

2) amplifies the EFM

frequency only while scanning over the dielectric layer but it is im-
perative that it is sign insensitive.

Considering Eqs. (4) and (5) above, the following EFM experiments
were carried out and shown in Figs. S5–S7 (see supporting informa-
tion). In the first case the EFM experiments were conducted on CNC
layer on Si/SiO2 substrate by varying tip bias from −5 V to +5 V at an
interval of +1 V. This experiment results in a parabolic response of
frequency shift with the function of tip bias as shown in Fig. 6 (black
curve). After injecting positive (Vinj= +5 V) and negative charge
(Vinj= −5 V) from the tip to the sample for 5 min by contact mode, the
subsequent EFM experiments were conducted in lift mode. The sub-
sequent EFM experiments at different bias were performed immediately
after the charge injection and the whole experimental time scale was
within 5 min in order to ensure that the dissipation of injected charges
is not significant. It is observed from Fig. 6 that after injecting both
types of charges the parabola becomes clearly asymmetric and is shifted
either to the positive or negative side depending on the charge injec-
tion. However, due to negative charge injection the shifting of the
parabola is more towards negative side and shows more asymmetry
compared to the positive charge injection which confirms that the ex-
isting charges are negative (Mélin et al., 2004a).

The reason for this asymmetry is explained in the following dis-
cussion. Fig. 7(a)–(e) shows EFM images of CNC sample taken at dif-
ferent tip bias with and without charge injection. Fig. 7(f) shows the
corresponding height of the CNC sample. It is observed from Fig. 7(g)
that at zero tip bias when no charge is injected there is no change in
frequency shift from the EFM data. However, at +5 V tip bias a large
frequency shift is observed due to tip substrate capacitance response. As
a result, over all baseline shift of the frequency ( −Δft s)of 145 Hz is
observed. However, while moving through the CNC sample the tip
experiences additional capacitive force because of the native charge of
the CNC sample which results in a further frequency shift (Δfε) as shown
in Fig. 7(h), the magnified part of Fig. 7(g). Subsequent to when charge
is injected by setting tip bias to +5 V, the shift of frequency is not
significant as compared to the case without charge injection. However,
when charge is injected by setting tip bias to −5 V, a large frequency
shift is observed. This explains that the CNC material possesses already
negative native charge which gets more influenced when additional
negative charge injection takes place. Therefore, when positive tip bias
is used to measure EFM frequency, the existing negative charge become
more pronounced because of the strong dipole formation. This results in
more Coulombic attraction and thus shows a larger frequency shift.

In order to verify the presence of surface charges in the CNC sam-
ples, another indirect method was also adopted using adhesion map-
ping by employing quantitative nanomechanical analysis (QNM)

Fig. 5. Variation of frequency shift as a function of lift height. The blue curve
shows the fitted plot as per Eq. (3) considering parallel plate EFM model. Fig. 6. Frequency shift in EFM experiment of CNC particle using various tip bias

under lift mode by injecting no charge and +5 and −5 V charge.
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(Azzam et al., 2017; Smolyakov et al., 2017; Zhu, Soldatov, & Mathew,
2017). In addition, the force of adhesion is also measured using force-
separation (F-D) curve in contact mode technique. Fig. 8(a) and (b)
show the topography and corresponding adhesion mapping of the CNC
samples while Fig. 8(c) and (d) show the piranha cleaned Si/SiO2 wa-
fer’s topography and its corresponding adhesion map in order to com-
pare two different systems. The adhesion maps clearly indicate that
CNC samples possess a large distribution of the adhesive force as
compared to Si/SiO2 wafer which is likely due to the abundant surface
charge on the former. From the histogram plot of the adhesive mapping
of both SiO2 and CNC surface (as shown in Fig. 8(e)) it is clear that CNC
possesses much more adhesive force than SiO2 which is mostly gener-
ated due to the charges present on the CNC surface. From the F-D curve
data on CNC grains and on Si/SiO2 wafer as shown in Fig. S8(a) and (b)
respectively, it is observed that CNC sample has two times higher ad-
hesive force than the Si/SiO2 wafer which signifies the presence of
charges that creates more pull-in force on the tip. It is important to note
that in this case we believe the capillary forces exerted on the tip by
both silicon and CNC surfaces are very minimal as the relative humidity
was maintained at 30–35 % as mentioned before (Jones, Pollock,

Cleaver, & Hodges, 2002). Therefore, while measuring adhesive force,
the major contribution is from the charges on the CNC surface. The
negative charges originate from residual sulfate groups on the surface of
CNCs obtained from Innotech Alberta that are synthesized through the
hydrothermal sulfuric acid hydrolysis of wood pulp (Johnston et al.,
2018).

4. Conclusions

Here we present mapping and estimation of native surface charge on
CNC sample synthesized by acid hydrolysis method using KPFM and
EFM method at ambient condition. Using a parallel plate model, we are
able to estimate the native surface charge of CNC to be 13 μC/cm2 in its
solid-state form, whereas most of the reports till date are focused on
charge measurement of CNC in liquid suspensions measured by zeta
potential and conductometric titration. By injecting positive and ne-
gative charge into the CNC sample and measuring the EFM frequency
shift with different tip bias we found that CNC sample is intrinsically
negative charge which is due to the attachment of SO4

2− counterions as
sulfate half esters on to the sample. Our KPFM results show that the

Fig. 7. (a)–(e) show EFM images of the CNC samples. (a) Topography of the CNC samples, EFM frequency images (b) at no charge injection (Q = 0 V) and Vtip = 0 V,
(c) at Q = 0 V, Vtip= +5 V, (d) Q=+5 V, Vtip= +5 V, (e) Q= −5 V, Vtip= +5 V. (f) Height profile of the CNC samples, (g) frequency shift across the CNC sample
at different condition. Applied +5 V tip bias shifts the base line frequency due to tip-sample capacitive force. (h) shows magnified image of square area of (g).

Fig. 8. (a) and (b) show the topography and adhesion mapping of CNC sample respectively. (c) and (d) depicts the topography and adhesion mapping of cleaned Si/
SiO2 wafer respectively. (e) show the comparative histogram of the entire adhesion map images of (b) and (d). The F-D curve measurement (shown in Fig. S8(a) and
(b) (see supporting information)) were done on the small white square mark showed in image (a) and (c) for CNC and Si/SiO2 respectively.
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surface potential of the sample is positive which indicates its work
function is more that Pt/Ir tip and in the order of 5.15 eV∼5.25 eV. The
adhesive mapping and F-z curve shows CNC possesses huge adhesive
force at the surface which is twice the magnitude of clean Si/SiO2

substrate due to the abundant of negative surface charge. This work
showcases the power of advanced SPM techniques in performing non-
contact characterization of the physicochemical properties of CNC-
containing films. The native charge detection can provide better
quantitative metrics for blends of CNC with polymers and other func-
tional materials in the development of value added products based on
CNCs.
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