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Atomic-scale dents on cellulose nanofibers: the origin of
diverse defects in sustainable fibrillar materials

Cellulose nanofibers (CNFs) with high strength, thermal
stability, and other diverse functionalities are produced via
disintegration of hierarchical plant cell walls. We report that
atomic-scale dents are formed at various positions on the
CNF surfaces in the disintegration process. These dents
are identified as the structural origin of CNF defects such
as kinks, splits and dislocation, eventually resulting in the
fragmentation of CNFs.
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Atomic-scale dent structures on the surfaces of cellulose nanofibers
were detected by comparing the experimentally measured and
computer-simulated widths of single nanofibers. These dent parts con-
stituted at least 30—40% of the total length of the dispersed nanofibers,
and deep dents induced the kinking and fragmentation of nanofibers.

Introduction

Defects in nanoscale materials—such as graphene and carbon
nanotubes—dominate their physical properties. There are several
types of defects, including doping," dislocations,” and vacancies.*”
In general, these structural inhomogeneities adversely affect the
featured properties of nanoscale materials.>* Some defects can be
also utilized to functionalize the materials as semiconductors® and
catalysts.®

Cellulose nanofibers (CNFs), wood-derived sustainable
nanoscale materials with excellent mechanical and thermal
properties, are produced via wet disintegration of cell wall
cellulose in wood.”® The crystalline and morphological struc-
tures of CNFs have been investigated using spectroscopic,”'°
microscopic,”’" " and scattering®''** methods. However, the
local structure of CNFs, including the defects, remains unclear.
In all these approaches, the low degree of crystallinity and the
2-4 nm width of CNFs">'77'° have hindered a precise analysis
of the local structure of CNFs. The development of atomic force
microscopy (AFM) in recent years has enabled the precise
measurement of the height of the soft samples without dama-
ging them.***' Therefore, AFM has been frequently used in
research on CNFs over the last decade. Most of these studies have
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New concepts

Disintegration of hierarchical biological structures is a representative
process in the production of sustainable nanofibrous materials. Exam-
ples include the fibrillation of plant cellulose, crustacean chitin, and silk
protein. Cellulose nanofibers (CNFs) with high strength, thermal stabi-
lity, and other diverse functionalities can be produced via disintegration
of plant cell walls. These CNFs, however, have structural defects such as
kinks, splits and dislocation, and such defects hinder efforts to exploit
the potential of CNFs in practical use. Understanding of the defects’
atomic-scale structure, origin, and formation mechanism is now lacking.
Herein, we report that atomic-scale dents are formed at various positions
on the CNF surfaces in the process of cell wall disintegration. These dents
are identified as the structural origin of CNF defects, eventually resulting
in the fragmentation of CNFs. Our analyses suggest that the cause of dent
formation is inherent in the cell walls; pretreatment of cell wall cellulose,
such as purification or modification, could be a key process to control the
defect formation. These findings will lead to the exploitation of the full
potential of CNFs and other biopolymers, such as producing defect-free,
high-performance nanofibers from sustainable resources.

focused on simple geometrical features, such as the length and
width of the fibers. Some studies have reported the presence of
fragments and splits in CNFs with a thickness of a few
angstroms.”>** These structures are thinner than the CNFs, sug-
gesting the presence of many defects in the CNFs. Some simulation
studies have suggested that external stress results in splits and
breaks in the cellulose molecular chains in CNFs.**?®

Here, we report dent defects on the surface of CNFs. To
detect dent defects on the CNFs, we compared the AFM-
measured heights of the CNFs with the simulated heights,
assuming two models for the cross-sectional shapes of single
CNFs. We analyzed the number, distribution, and shape of the
dent defects in four CNF samples prepared using different
disintegration methods and times. Finally, we discuss the
mechanism of defect formation, the moment at which dent
defects form, and the structural origin of the dent defects.

The interaction between the sample and the shape of the
AFM tip, called the tip convolution effect, causes artifacts in the

This journal is © The Royal Society of Chemistry 2022
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AFM image, resulting in a decrease in lateral resolution.*®™®
Therefore, the centerline of CNFs indicates the most accurate
height, and some previous reports have attempted to represent
fiber-like samples by their centerline contours.”*! In this
study, the heights along the centerline of the CNFs were
extracted using image processing. Furthermore, the possible
range of CNF heights under the conditions of AFM observation
was determined by considering convolution effects. The AFM
tip was assumed to be a sphere, and the distance between the
tip and substrate when the tip collided with the CNF was
calculated (see ESIT for detailed image processing and AFM
simulation).

Results and discussion
Overview of CNF samples

We prepared four CNF dispersions from a 2,2,6,6-tetra-
methylpiperidin-1-oxyl (TEMPO)-oxidized pulp by wet disintegration
using three different homogenizers: double-cylinder (DC), ultrasonic
(US), and high-pressure (HP) homogenizers; the prepared samples
were accordingly designated as DC, US, and HP. Two different
samples were prepared using the HP homogenizer; they are denoted
as HP4 and HP50, where the numbers indicate the number of times
the sample passed through the homogenizer (Scheme S1, ESIt).
Typical AFM images of DC, US, HP4, and HP50 are shown in Fig. 1a.
AFM images were acquired while avoiding the areas where the CNFs
were clearly unfibrillated. Therefore, the measured CNFs were
isolated and dispersed in all samples. As in previous studies,”>**
numerous thin and small fractions were observed around the CNFs.
However, differentiating between the fractions derived from the
samples and noise is difficult; therefore, in the following analyses,
these small and thin fractions were ignored.
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Using nine or more images for each sample (see details in
Table S1, ESI{), we extracted the centerlines of the CNFs. We
statistically evaluated the morphology of the CNFs from these
centerlines. The length and height distributions of the CNFs
are shown in Fig. 1b and c, respectively. The mean values of
length and height, the mode of height, and the mean distances
between kinks are summarized in Table 1. Differing methods
and degrees of disintegration resulted in different sample
lengths, with DC being the longest and HP50 being the short-
est. All CNF samples, on the other hand, showed similar broad
height distributions, with both the mean and most frequent
values being within 2.1-2.5 nm. These broad distributions and
maximum frequency values of the height are in good agreement
with those reported in previous studies.”**° The mean dis-
tances between the kinks were also similar among the samples.
We also observed twisting of the CNFs, which was indicated by
periodic changes in the height; however, in contrast to a
previous study,®® it was neither frequent nor clear.

Usov et al. suggested that the broad height distribution
might be due to the possibility of CNFs to split and thus have
various thickness.”® In a simulation study, it was suggested that
external forces could cause the formation of bending points in
CNFs owing to the breakdown of molecular chains.>* Therefore,
the low height distributions in Fig. 1c can be attributed to the
mechanically defective regions of the CNFs, which appeared as
dents along them.

Theoretical range of heights measured by AFM

To determine the threshold of the defects, we calculated the
heights of the CNFs that were observed using AFM under our
experimental conditions. We used two cross-sectional models
of CNF from wood: models A%*? and B*? (Fig. 2a). Models A and
B are 18-chain models suggested based on experimental®'?
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Fig. 1 Morphology of CNFs. (a) Typical AFM images of CNF samples: DC, US, HP4, and HP50. (b) Length distributions of CNFs. For overlapped and
aggregated CNFs, total length was calculated as the length. (c) Height distributions obtained from all pixels along the centerlines of the CNFs.
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Table1 Morphological parameters obtained from AFM image analysis for
each sample

Mean distance between
kinks (nm)

Mean Mean Mode of
length (nm) height (nm) height (nm)

DC 1522.3 2.38 2.15 122
Us 544.4 2.12 2.35 114
HP4 521.3 2.42 2.15 125
HP50 375.9 2.49 2.45 122

and/or simulated data.*> Because the CNFs could be twisted, we
conducted a simulation by rotating these models from 0° to
180° in increments of 1°.

Fig. 2b shows the changes in the range of height with rotation
of the cross-sectional models. The rotation angle indicates the
angle between the substrate and the (2 0 0) plane. For both
models, the minimum heights were measured at 41°, where the
(1 1 0) plane was adsorbed on the substrate (inset of Fig. 2b). The
maximum heights of models A and B were recorded at rotation
angles of 97° and 162°, respectively, where the longest diagonal
line of each cross-section was vertical to the substrate (inset of
Fig. 2b). Therefore, the possible ranges of the heights were
calculated as 2.02-3.78 nm and 2.10-3.30 nm for models A and
B, respectively. The range of model A covered that of model B;
thus, we used the range of model A, 2.02-3.78 nm, as the
theoretical range of CNF heights for further analysis. Note that
the indentation of the tip here is small enough to be ignored (see
ESIt for a calculation of the indentation).

Distribution of dents on CNFs

According to the results of the AFM simulation, the CNF height
was divided into three levels: ‘dent’ (height < 2.02 nm),

a (200)
7 At
(200) (110) (110)
— A Al A, AR M)
(110) faser agen agenn, (110) ARV AV AN

Height (nm)

1
180 0 60 120 180
Rotation angle (°)

1
0 60 120
Rotation angle (°)

Fig. 2 AFM simulation is performed assuming two CNF cross-sectional
models. (a) Two cross-sectional models of CNF, models A and B, used in
the simulation. (b) Changes in the simulated range of heights (gray area)
with rotating CNF models. The insets show the CNF models on substrate at
the angles when the models provide maximum and minimum heights.
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‘normal’ (height in the range 2.02-3.78 nm), and ‘bump’
(height > 3.78 nm). The levels were mapped onto AFM images,
as shown in Fig. 3a. The bumps, which were less than 10% of
the total length for all the samples (Fig. 3b), were mainly
observed in the overlapping regions of the CNFs. The dents,
on the other hand, constituted approximately 30-40% of the
total length and were distributed in various regions of
the CNFs.

Based on the positions at which the dents occurred, we
classified the dents into four categories (Fig. 3c). When a dent
included a kink, an end point, or both, it was categorized as ‘at
kink’, ‘at end’, or ‘at kinked end’, respectively. The others,
which occurred on straight lines or gentle curves, were cate-
gorized as ‘on straight’. Fig. 3d shows the composition of the
four categories of dents.

We can assume that the dents are defective regions that lack
cellulose molecules. The normal regions may also include such
defects, but we did not consider them in the present study. This
is because we speculate that most of the CNFs exist on the mica
substrate in the (1 1 0) plane direction, where the CNFs give the
minimum height of the theoretical range (2.02 nm), due to the
following reasons: (1) the most frequent height was 2.1-2.5 nm
(Fig. 1c and Table 1), which corresponds to the rotation angles
of 0-41° and around 41° for model A and B, respectively
(Fig. 2b); (2) both the (1 1 0) plane and the surface of the mica
substrate are hydrophilic; and (3) the side of the (1 1 0) plane is
the longest in both the models A and B, which seems to stable.

If an increase in severity of physical disintegration increases
the number of defects, then the number of dents should
increase with a decrease in the length of the CNFs. However,
the number of dents on the CNFs did not differ significantly
among the samples prepared by different methods; instead,
when US, HP4, and HP50 were compared, the number of dents
decreased with a decrease in length. This result suggests that
the defects on the CNFs were primarily generated at the very
beginning of dispersion, and not during the mechanical treat-
ments after dispersion.

The composition of the dents at kink differed by at most 9%
among the samples. The declining trend in the number of
dents at the kink agrees with the length of the CNFs (Fig. 3d
and Table 1). Combined with the result that the distance
between the kinks was constant among the samples (Fig. 3d
and Table 1), the CNFs were mainly fragmented at the defects
that occurred at the kink during physical disintegration. This
result is consistent with a previous report.>?

Geometry of dents

We evaluated the geometry of the dents based on their lengths
and depths (Fig. 4a). Fig. 4b shows depth-length scatter plots of
the dents of HP4 at each position. The scatter plots of the other
samples are presented in Fig. S5 (ESIf). Compared to the dents
on straight, the dents at kink tended to be longer and deeper
than those on the straight. Most of the dents at the end were
very short, whereas many long and deep dents occurred at the
kinked end. These long and deep dents at kinked end occurred
most frequently in US (Fig. 3d), and a peak around 0.5 nm in

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Distribution of dents on CNFs. (a and b) Heights of the CNFs divided into three levels: ‘dent’, 'normal’, and ‘bump’. The heights in ‘normal’ level are
within the simulated range (2.02-3.78 nm), whereas the heights in ‘dent” and ‘bump’ levels are respectively below and above the simulated range. The
three levels are mapped onto the binarized image (a), and their composition is calculated (b). (c and d) The dents are further classified into four groups (‘at
kink’, ‘at end’, ‘at kinked end’, and ‘on straight’) according to their positions. If one connected dent contains kink (red arrowheads), end point (green
arrowheads), or both, the dent is assigned as ‘at kink’, ‘at end’, or ‘at kinked end’, respectively. Other dents are assigned as ‘on straight’. The four categories
of dents are mapped onto the binarized image (c), and their composition is calculated as shown in (d).

the height distribution of US was observed (Fig. 1c and Fig. S6,
ESIt). Fig. 4c shows a scatter plot of the mean length and depth
of the dents at each position for all the samples. The length and
depth of the dents differed depending on their position. How-
ever, there was no significant difference in the length and
depth of dents corresponding to the disintegration methods
and times. Typical 3D views of the dents at each position are
shown in Fig. 4d.

In addition to the number of dents, the geometry of the
dents was also similar even when the CNFs were prepared using
different disintegration methods and times. These results
suggest that the regions of defect were neither newly generated
nor did they expand during the physical treatments after
dispersion; they originally existed in the CNFs bundles, or were
generated just after the disintegration of the aggregated CNF

This journal is © The Royal Society of Chemistry 2022

bundles into single CNFs. This hypothesis is supported by our
recent studies on the crystallinity of CNFs; the aggregated bundles
of cellulose have a higher crystallinity than the dispersion state,
and the grain boundaries within an aggregate of CNFs were
crystallized by enhancing their inter-crystallite interactions.’”*
This means that the boundary between CNFs is partly unclear in
the aggregated bundles. Irrespective of the type of mechanical
force applied, in the process of dispersion, the CNFs are forced to
be torn off from such a fused boundary, which may induce
imperfect splitting and/or fragmentation of the CNFs. The slightly
higher composition of dents in US is probably aside from this
hypothesis for the structural origin of dents; US contained more
CNFs with long and thin tails or the dents at “end” and “kinked
end” than other samples, which possibly arose from the mechan-
ical force applied by ultra-sonication.

Nanoscale Horiz., 2022, 7, 186-1191 | 1189
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Fig. 4 Morphology of dents. (a) Scheme of length and depth of dents, used as parameters of their morphology, (b) distribution of length and depth of
dents at each position. Data corresponding to HP4 is shown here, (c) mean length and depth of defects at each position, plotted for all the samples,

(d) 3D views of typical geometry of dents at each position.

The dents at the kink were larger than those on the straight,
indicating that the CNFs tend to be bent at the defected regions
which are sufficiently large. If one cellulose molecular layer is
delaminated in any plane direction, the depth would be approxi-
mately 0.4 nm. Many dents at the kink are deeper than 0.4 nm,
with the depths of some of the dent defects at kink corres-
ponding to delamination of two and three cellulose layers. In
contrast, the depths of most of the dents on the straight line are
lower than 0.4 nm (Fig. 4b, straight), which corresponds to less
than one layer. This might be explained by incomplete delami-
nation of one layer or distortion of crystal structure. The mecha-
nism by which kinks occur in CNFs with the deformation or
breakage of molecular chains has been investigated using mole-
cular dynamics simulations,*?* but the instance at which these
defects occur during the preparation of CNFs is not yet known.
The kinks possibly formed during deposition of CNFs on the
substrate or drying process of the sample. However, the dent
structure should originally exist in a dispersion; the cellulose
molecules bundling in water as a part of single CNF are unlikely
to be peeled off at the drying step.

1190 | Nanoscale Horiz., 2022, 7, 1186-1191

Conclusions

We reported atomic-scale dent defects on CNFs, observed using
AFM. Long and deep dent defects occurred around kinked regions,
and they decreased as the lengths of the CNFs decreased. These
results indicate that diverse defects, such as kinks and fragmenta-
tion, originate from dent defects. Furthermore, we compared the
samples prepared using different disintegration methods and
times. The number, size, and distribution of the dent defects were
similar among all the samples. The implication is that the cause of
dent defects is inherent in the pulp before disintegration; pre-
treatment of the pulp, such as pulping, bleaching, or TEMPO-
oxidation, could be a key process to control defect formation.
Disintegration of hierarchical biological structures is a
representative process in the production of sustainable nanofi-
brous materials. Examples include the fibrillation of crustacean
chitin and silk protein, other than plant cellulose in this study.
Our findings will lead to the exploitation of the full potential of
CNFs and other biopolymers, such as producing defect-free,
high-performance nanofibers from sustainable resources.

This journal is © The Royal Society of Chemistry 2022
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