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Abstract: 

Cellulose nanofibrils (CNF) are a class of materials with good mechanical properties, surface 

functionality and bio-/environmental friendliness. They have been used in many applications as loading 

material or function materials, where water-cellulose interaction determines the materials performance. 

Especially, CNF with carboxylated groups can be used as the separation membrane in polymer 

electrolyte membrane fuel cell. The water dynamics is closely related to the proton conductivity. The 

Non-destructive quasi-elastic neutron scattering (QENS) is used to characterized water movement in 

hydrated membrane made of CNF prepared by TEMPO-oxidation with different surface charges. 

However, neither surface charge nor the nanoconfinement due to membrane swelling has large impact 

on water dynamics mechanism. A slow diffusive motion is found with the diffusion coefficient close to 

bulk water and that in hydrated Nafion membrane regardless the surface charge, while a fast motion is 

rather localized with a correlation time increasing as temperature increase, which might related to the 

hydrogen bond network formation between water and CNF. 

  

                                                             
† Present address: RISE Bioeconomy, Box 5604, 114 86 Stockholm, Sweden 
‡ Present address: Dept. of Engineering Sciences, Uppsala University, Box 534, 751 21 Uppsala, Sweden 



2 
 

Introduction: 

The water – cellulose interaction is one of the most important scientific topics in the field of wood-

based material science. It does not only conceal the secret behind the plant growth, but also determines 

processing parameters and performance of the final wood-based materials. In nature, cellulose polymer 

chains self-assemble into nanofibrils which consist of alternative crystalline and non-crystalline region 

along the fibril long axis. These so-called cellulose nanofibrils (CNF) serve as basic building block and 

are further organized with other biopolymer in water media to form the plant cell wall.1 Compared to 

many wood-based materials, CNF to the largest extent keep the strong nature of cellulose materials, i.e. 

preserving excellent mechanical properties2,3. Meanwhile, the high surface-to-volume ratio enables a 

large surface area per unit weight and the extensive hydroxyl group exposed on the CNF surface could 

be easily modified and functionalized4,5. Especially, the carboxylation of CNF by the TEMPO-oxidation 

process has now become a common step for most of application as it delivers fine cross-section and 

activated carboxylated surface ligands6. Additionally, CNF are readily extractable from the pulp fibres 

and biodegradable. Thus, they have become a popular material platform for developing novel 

composites4,5,7–9. Among many applications, the good mechanical property of CNF has attracted most of 

the attention for engineering materials. Moisture content in CNF based materials influence both stiffness 

and strength10. On top of the robustness, the CNF could be used alone and/or as a carrier to load other 

functional materials for versatile purposes in optics11, electronics12 and energy device13, where moisture 

content and electrolyte are closely relavent. Recently, CNF membranes with surface functional group 

have been successfully tested as the separation membrane in Polymer electrolyte membrane fuel cells14,15. 

The stable ion conductivity at elevated temperature at high moisture content, as well as the low 

environmental impact, make CNF a great candidate to replace the costly and environmentally expensive 

Nafion membrane. Apart from the numerous applications, CNF based materials has demonstrated rich 

structure and morphology, such as hydrogel/foam16,17, fibers2,3, membrane15,18,19, and additives20–22, which are 

usually in hierarchical structure.  

Correspondingly, the water – cellulose interaction also evolves at different scales. At atomic scale, the 

crystalline structure of CNF is maintained by vast number of hydrogen bond at inter-and intro-CNFs. 
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Water could certainly interact with CNF via hydrogen bond. As most of the biopolymer23 (protein, lipid, 

and DNA), which usually contains both hydrophilic and hydrophobic part, CNF crystalline phase are 

also terminated with hydrophilic and hydrophobic surface. Water could hence adsorb on different 

surface via different mechanism24. At nanoscale, CNF consists of crystalline phase and non-crystalline 

phase. The crystalline phase may deform upon water uptake25, while non-crystalline phase are looser 

and permeable for water26. Meanwhile, between CNFs, spatial confinement is also formed. Numbers of 

work has shown that water in confined space show distinct behaviour compared to bulk water27–30.  At 

micron scale, the capillary force on the water in the different CNF superstructure should be taken in 

account, just as the cell structure and lumen of wood cell. Despite the multiscale mechanism, water in 

cellulose matrix can always be classified as “free” water as capillary water in lumen31 and “bound” water, 

which could be further grouped as “immobile” and “mobile” water32. Knowing the water dynamics in 

CNF based material will certainly contribute the material design and eventually benefit the bioeconomy. 

Previously, the water – cellulose interaction in cellulose fibres has been studied by NMR spectroscopy,33 

showing a moisture-content-dependent diffusion coefficient for both fast and slow water motion. IR 

spectroscopy has been used to study the water adsorption on cellulose fiber surface via hydrogen bond34,35. 

Neutron scattering is a non-destructive characterization method to study the water dynamics, which 

complementary to NMR and IR by providing momentum transfer information thus covering multi 

spatial (Å ~ nm) and temporal scale (ps ~ ns). Recently, O’Neill et al. have used QENS to study the 

dynamics of water bound to crystalline cellulose by use high resolution instrument BASIS and bacterial 

cellulose with large crystalline size31. Two type of water was reported with different dynamic properties. 

However, most of published work were carried out on large fibres in microscale. The water dynamics 

in CNF system is still scarcely reported despite the vast applications. Thus, in this work, we choose to 

study the water dynamics in the hydrated membrane made of carboxylated CNF prepared via TEMPO 

oxidation, which a widely used method in CNF preparation and show great reproducibility. The 

influence of the number of carboxylated groups has been investigated. Thus, the study could serve as a 

model case of the water dynamics in CNF system. Furthermore, as the similar CNF membranes has 

been successfully used a separation membrane in fuel cell14,15, the study could help us understand the 
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proton conduction mechanism in CNF and develop more efficient and environment-friendly energy 

device.    

Materials and Experimental Methods: 

Carboxylated CNFs with surface charge around 600 µeq/g and 1500 µeq/g were prepared via TEMPO-

mediated oxidation based on the procedure of Saito et al.36 CNF membranes were firstly prepared via 

solution casting in plastic Petri dishes with a diameter of 5.5 cm in controlled relative humidity (RH) 

of 50 % at 30 oC for 48 hours. Then, both CNF600 and CNF1500 membrane were reconditioned at RH 

90% at 30 oC over 24 hours for high moisture content. These samples are named as CNF600 and 

CNF1500, respectively. The reconditioned membranes were stacked together and sealed in plate-like 

aluminium sample holder via In-Sn alloy wire as gasket. In addition, some of CNF600 membranes were 

conditioned at RH 10% at 30 oC and sealed in the aluminium sample holder as a reference sample, named 

as CNF600 Dry, while some CNF1500 were conditioned at RH 50% to check the water content 

influence.  

QENS measurements were performed at IRIS Time-of-flight (TOF) inverted-geometry crystal analyser 

spectrometer, ISIS neutron facility, UK. 51 sets of ZnS scintillator detectors were binned down to 17 

groups, covering the range of transferred wavevector (Q) from 0.5 to 1.9 Å-1. The QENS spectrum at 

each Q were converted to the format with the energy range of +/- 0.5 meV and re-binned energy step 

of 0.002 meV for analyses. Vanadium was measured for resolution calibration and data reduction. 

QENS of CNF600 measured at 20 K was used as resolution function for further QENS analyses of other 

CNF specimen at higher temperatures. The data reduction and Bayesian-spectral-analyses fitting were 

carried out via analysis software Mantid37. The fitting component uses Lorentzian functions for quasi-

elastic peaks while taking slope background and δ-function for elastic line. In general, a QENS 

spectrum can be modelled by the following equation: 

𝐼(𝑄, 𝐸) = (𝐴(𝑄) ∙ 𝛿(𝑄, 𝐸) + -1 − 𝐴(𝑄)0 ∙ 1𝐵3 ∙ 𝐿3(𝑄, Γ3)
6

378

9⨂𝑅(𝑄, 𝐸) + 𝐶(𝑄, 𝐸)																			(𝐸𝑞. 1) 
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where A(Q) is the ratio of elastic scattering component; δ(Q, E), delta-function, depicts the elastic 

scattering without energy transfer. Bn is the contribution factor of different quasi-elastic peak, which is 

described by single or multiple Lorentzian function L(Q, Γ), with Γ as the full-width at half maximum 

(FWHM). Both elastic and quasi-elastic peak should be convoluted with resolution function R(Q,E) by 

considering the experimental resolution. C(Q, E) is the background.  

Results and Discussions: 

 

Figure 1. Elastic window scan, i.e. the elastic peak intensity of QENS as a function of temperature of CNF600 

(black), CNF1500 (blue), CNF600 Dry (red) and CNF1500 RH 50% (yellow). Peak intensities at different 

temperatures are integrated around Q ~ 0.77 Å-1 and within the energy range of ± 0.0175 meV, and are 

normalized to the one at 20 K. 

The water dynamics in hydrated CNF membrane analyses started with determining the elastic intensity 

evolution as a function of temperature. At very low temperature the decrease in elastic intensity is due 

to vibrations which are according to the temperature factor more and more excited. The intensity 

decrease follows the Debye-Waller factor.  The trend is shown in Figure 1. In general, as temperature 

increase, a further elastic intensity decrease indicates particle movements beyond harmonic vibrations 

These are stochastic movements of translational and rotational character and will appear as quasi-elastic 

neutron scattering signal. Clearly, CNF600 and CNF1500 show a very distinct three stage (I - III) 

diagram. However, for CNF600 Dry, it only shows a slowly linear decrease to the extent of 5%. Such 
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difference between hydrated and low water content CNF suggests that the water movement in the 

membrane result in dramatic intensity drop for hydrated membranes. We also investigated water content 

influence by reconditioning some CNF1500 at RH 50% and did the elastic windows scan between 200 

and 310 K. The initial of value is normalized a random value between those of CNF600 Dry and 

CNF1500 for intermediate water content. It is found that at water uptake in the CNF membrane at RH 

50% show rather similar trend as CNF600 Dry, meaning that water movement is not sufficiently strong 

in the system. Given the extensive surface area in CNF membrane, water taken up at RH 50% may still 

bound to the membrane surface but generate enough diffusion movement to elaborate the quasi-elastic 

contribution. There has been a structural hint for this phenomenon in our recently work15 in which small 

angle X-ray scattering (SAXS) results show that the membrane structures did not change below RH 

70%, suggesting that water are rather evenly distributed on the membrane surfaces but create any 

structure change. Regarding this three-stage diagram, all systems show a similar trend in Stage I below 

200 K, meaning all water molecules are frozen and/or bound firmly. Stage II is a transition stage where 

some water molecules has gained enough thermal activation energy become mobile. The development 

become much steep around 290 K and become slowed down afterwards where a different mechanism 

is believed to dominate.  

To quantitatively evaluate the water dynamics mechanisms, QENS spectrum require curve 

deconvolution by using Equation (1). However, in many cases, the discrete summation of the quasi-

elastic peaks is not sufficiently straightforward to model the spectrum, one has to convert QENS into 

intermediate scattering function in time-domain via Fourier transformation and fit the results with 

stretched exponential38,39. One way to circumvent the difficulties and identify the contribution of the 

number of Lorentzian component is to calculate the dynamics susceptibility χ´´(Q, E) by normalizing 

the QENS spectrum to Bose population factor nB (Eq. 2). 

𝜒AA(𝑄, 𝐸) =
𝐼(𝑄, 𝐸)
𝑛C(𝑇, 𝐸)

																																																																	(𝐸𝑞. 2) 

Where, 𝑛C(𝑇, 𝐸) = -1 − 𝑒𝑥𝑝(−𝐸 𝑘C𝑇⁄ )0K8, E is the transferred energy, T is the temperature and kB is 

the Boltzmann constant40.  
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Figure 2. dynamic susceptibility of CNF600 and CNF1500 at 250 K and 310K for 7 selected transferred 

wavevector Q at 0.48 Å-1 (grey), 0.84 Å-1 (red), 1.17 Å-1 (blue), 1.54 Å-1 (green), 1.60 Å-1 (purple), 1.72 Å-1 (yellow), 

and 1.84 Å-1 (cyan). The spectra were shifted vertical to highlight the dispersity. Solid Arrow are guides to show 

the possible components at 250 K. 

Dynamic susceptibility excludes the contribution of elastic term and easily unveil different dynamic 

process31,41,42. Figure 2 shows dynamic susceptibility of CNF600 and CNF1500 at selected temperature 

and water content (full set of dynamic susceptibility is available in support information). For both 

CNF600 Dry and CNF600 at 20 K, the water molecules are either too few or immobile. Their dynamic 
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susceptibility also shows similar structure will a dominant peak around 0.01 meV, which is also 

independent of Q (i.e. non-dispersive).  

Such features have been found for all specimen at different temperature, thus a systematic result which 

might be related to CNF membrane inherent dynamics or experimental setup. When temperature 

increase till 250 K, both CNF600 and CNF1500 shows increase of χ´´(Q, E) at higher transferred energy 

around 0.05 meV, which also shows slight dispersive relation as a function of Q. At even higher transfer 

energy, it becomes a bit ambiguous if another dispersive dynamic channel exists at 250 K. However, at 

310K, two dispersive dynamic channels become clearly visible.  

 

Figure 3. Zoomed QENS and Bayesian fitting with two-components Lorentzian functions for CNF600 and 

CNF1500 at 250 K and 310 K. Open circles are experimental data and solid lines are fitting results. Bayesian 

analyses was carried out by software Mantid37. Inserts show the data in full scale. 

The result of the dynamic susceptibility indicates that two-component Lorentzian functions are 

plausible for quasi-elastic scattering, at least at higher temperature in stage III. Selected fitting results 
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are summarized in Figure 3. (The full sets of QENS spectra are available in support information). To 

highlight the broadening of QENS peak, all the data are normalized to peak maximum. As Q increase, 

the QENS peaks become broadened, in line with the dispersity shown by dynamic susceptibility. In 

combination with Bayesian analyses, two-components Lorentzian model indeed provides reasonably 

good fit (solid color-coded line in Figure 3.). Such two components are fitted with distinct widths which 

are correspondent to slow and fast motions.  

The Half-width at half maximum (HWHM, or Γ/2) of Lorentzian function of the slow motion are 

extracted and plotted in Figure 4. The dispersive relation of HWHM as a function of Q reveals a 

diffusive process. Typically, jump diffusion is a common mechanism in nanoscale, where molecule 

could only hop between different site instead of continuously moving as in the macroscopic scale. 

However, there are several types of jump diffusion model, e.g. Chudley-Elloitt (CE) model43, Singwi-

Sjölander (SS) model44 and Hall-Ross (HR) model (Eq. 2 )45.  

The CE model assumes that the particle jumps only a certain distance l, which is a severe constraint in 

particular for a disordered system. To overcome this constraint the SS model assumes an exponential 

distribution of jump lengths and the HR model assumes a Gaussian distribution of jump lengths around 

a mean value. 

CE model depicts the jump on lattice; SS model describes the jump decay as an exponential function; 

while HR model describes the jump in Gaussian-type confined space. The slow motion HWHM were 

tentatively fitted by all three models. (see support information for details). Chi-square analysis suggests 

that HR model (Eq. 3) gives the relatively better fitting which are summarized and plotted in Figure 4 

(a) and (b).  

Γ
2
=
ℏ
𝜏
N1 − 𝑒𝑥𝑝 O−

𝑄P𝑙P

6
ST																																																								(𝐸𝑞. 3) 

where, ℏ is reduced Plank constant and l is the mean jump length and (τ) denotes the residence time 

between consecutive jumps. Note that the 250 K results are near the energy resolution of the 

spectrometer. As temperature increases, the increase of HWHM is translated as a decreased residence 
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time and longer mean jump diffusion length (see Table 1), indicating the motion becomes faster. Based 

on the fitting parameters obtained in Eq.3, the diffusion coefficient (D) is calculated via Eq. 4.  

𝐷 =
𝑙P

6𝜏
																																																																									(𝐸𝑞. 4) 

In Figure 4 (c), the diffusion coefficient becomes larger as the temperature increases. For both CNF600 

and CNF1500, their D values are rather close despite their different numbers of carboxylated ligands 

on fibrills’ surface. The D values at 310 K are around 2×10-5 cm2/s, which is very close to the bulk water 

diffusion coefficient46,47 and that in hydrated Nafion48 and perfluorinated sulfonic acid (PFSA)42 

membranes. Thus, this slow motion is probably related to the bulk-like water in the membranes. This 

fact supports the application of CNF as separation membrane in fuel cells.14,15 On the other hands, the D 

values at 250 K and 270 K are 2 times higher than those determined values in crystalline cellulose31, 

indicating that nanofibril networks may have less restriction to the water movement compared to the 

crystalline phase.  

Table 1. Fitting parameters of Hall-Ross jump diffusion model in Figure 4. 

 T (K) τ (ps) l (Å) D (10-5 cm2/s) 

CNF600 
250 48.3 ± 2.0 3.3 ± 0.3 0.4 ± 0.1 
270 32.7 ± 1.5 3.4 ± 0.4 0.6 ±0.1 
280 28.0 ± 1.0 4.2 ± 0.4 1.1 ± 0.2 
310 24.3 ± 0.6 5.0 ± 0.3 1.7 ± 0.2 

CNF1500 
250 39.0 ± 3.9 2.3 ± 0.4 0.2 ± 0.1 
270 29.2 ± 1.6 3.5 ± 0.4 0.7 ± 0.2 
280 24.4 ± 1.3 3.9 ± 0.4 1.0 ± 0.2 
310 20.6 ± 0.8 5.2 ± 0.5 2.2 ± 0.4 

 

Note that the hydration of CNF membranes at RH 95% generates more nanostructures than those 

conditioned at RH 55%, which is related to the swelling of the membrane (see Figure 4 (d)). The SAXS 

data could be reasonably fitted by a linear combination of a power-law function and a Gaussian function. 

𝐼(𝑞) =
𝐴
𝑄3

+ 𝐵 ∙ exp O−
𝑄P ∙ ΞP

2
S + 𝐶																																																						(𝐸𝑞. 5) 
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Where, A and B are scalling factor, and C is background. The power-law function depicts the network 

connection by the exponent (n) in the low Q region (< 0.03 Å-1). In the case of RH 95%, CNF600 and 

CNF1500 have the exponent value around 1.3 and 1.8, respectively, compared to that of 2.6 for 

CNF1500 at RH 55%. This suggests that fibril network turns from massively connected network 

(known as mass fractal structure) into less interconnected structure with branched fibre shape dominant. 

At high Q region (0.03 Å-1 < Q < 0.2 Å-1), Gaussian functions reasonably reproduce the features due to 

intensity increase at RH 95%, which are generally assigned to entangled nanostructure with the radius-

of-gyration (Ξ). However, Ξ are found around 1.5 nm in both CNFs and are much larger than the mean 

jump length l of 3 ~ 5 Å determined from QENS (Table 1). So, the slow motion is still governed by 

even smaller scale features and the size of nanopores in the membrane might not have direct influence 

on the water dynamics.  

Nevertheless, it is known that the difference in the surface charge can result significant difference on 

water uptake: in this case, the water content in CNF 1500 is around 79.5 wt% and that of CNF600 is 

only 34.0 wt%, in this work. Clearly, given the same dry weight content, CNF1500 may contain more 

bulk-like water (Also the diffusion coefficient at 310 K is larger). Consequently, the CNF1500 could 

transport more protons than CNF600 per unit weight. This is also reflected in Figure 1 as that the 

decreasing trend of elastic intensity is similar for both CNF1500 and CNF600, but CNF1500 reached 

lower value in the Stage III since more mobile waters are in CNF1500. The result coincides with the 

proton conductivity measurement of similar kind of CNF membrane in fuel cell device15. 
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Figure 4. HWHM of the slow motion as a function of transfer wavevector Q and the corresponding fitting 

results by Hall-Ross jump diffusion model for CNF600 (a) and CNF1500(b). (c) Diffusion coefficient of slow 

motion. (d) SAXS of CNF600 and CNF1500 at RH 95% and CNF1500 at RH 55% as reference. 
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Figure 5. HWHM of the fast motion as a function of transfer wavevector Q for CNF600 (a) and CNF 1500 (b). 

(c): the correlation time as a function of inversed temperature for CNF600 and CNF1500 at 250, 270 and 280 K. 

(d): Q-dependent HWHM of the fast motions of CNF600 and CNF1500 at 310K 

 

For the fast motion, their HWHMs are plotted in Figure 5. In both panels of (a) and (b), HWHMs show 

independence on transfer wavevector Q from 250 K to 280 K. This means the fast motion is rather 

localized and related to bound water. Similar phenomena have been found for water in perfluorinated 

sulfonic acid (PFSA) materials42, SBA-15 mesoporous silica49 and graphene oxide50. The bound water 

motion could be converted into correlation time (τc) via 𝜏] = 2ℏ Γ̂ _`3⁄ , where Γmean/2 is the mean value 

of HWHM. The relation between the correlation time and temperature is plotted in Figure 4 (c). 

Contrary to the residence time of the slow motion, which decreases as the temperature increase, τc 

increases non-linearly as the temperatures increase. Overall, CNF1500 shows smaller τc than CNF600, 

meaning a faster motion. By combining NMR and analyses approach proposed by Bloch, Purcell and 

Pound51, Mallamace et al.,51 have reported a similar trend of correlation time in nano-second regime 
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associated to local Brownian motion in bulk and emulsified water. Such behaviour of τc is related to 

water structure change from a large disorder phase at higher temperature to a hydrogen-bond-driven 

structured network below a cross-over temperature (~ 290 K)52, which is also close to the transition 

temperature between Stage II and III in our case (Figure 1). The hydroxyal and carboxylated surface 

ligand of CNF are known to readily interact with water via hydrogen bond.35 Such interaction at surface 

and confined space may contribute to the anomalous behaviors30. At 310 K, the HWHM show a positive 

Q-dependence. One should be cautious about the upturning of HWHM around 0.5 Å-1 for less statistic 

point, nevertheless a plateau between 0.5 and 1.0 Å-1 is rather plausible for both CNF600 and CNF1500. 

Such plateau indicated a dynamic process is in a confined space, which is related to the cage or cage-

like structure in the system. Similar phenomena has been reported for ionic liquid systems53,54.  

The cage structure would be related then to the q value when HWHM increase from the plateau. That 

length scale is definitely much smaller than all scales seen in the SAXS, which brings us back to the l 

value from the diffusion and to what it relates on the atomistic scale.  

To briefly summarize the results, QENS show that water dynamics in CNF system could be divided 

into a three-stage development.  Such trend could be related to a diffusive slow motion and a fast 

localized or confined motion. The slow motion can be well described by Hall-Ross jump diffusion 

model and the mean jump length is smaller than the size of nanostructure due to membrane swelling. 

The fast motion shows an abnormal temperature-dependent correlation time, which might be related to 

hydrogen bond network formation between water and cellulose.  

Conclusion: 

We use QENS to investigate the water dynamics in hydrated CNF membranes with carboxylated surface 

ligands. Such water dynamics is closed related to the proton conductivity, which is especially important 

for fuel cell application. The determined diffusion coefficient of a slow motion is very close to free 

water in bulk-like water and those in Nafion membrane, while the fast motion is rather localized or 

confined given the experimental temperature range. The number of carboxylated groups on CNF surface, 

similar to the case of water dynamics on charged and un-charged polysaccharide hydrogel54. QENS is 
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highly sensitive to microscopic mechanism, which may not fully explain the macroscopic properties. 

The hydrated CNF1500 could uptake nearly as twice much water molecule as CNF600 at RH 95% and 

consists of more nanostructure as shown in SAXS. Consequently, the amount of water molecule as 

proton carriers in CNF1500 are more than CNF600, which could account for proton conductivity 

difference in real applications.  
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