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Fig. S1 The color evolution of cellulose paper over 14 days of soaking in the Cu2+-saturated 
NaOH solution. Paper is used here as a model cellulose material to clearly show the color change.  



 

 
Fig. S2 Digital images showing the transformation from paper to Na-CS. The solution color 
fades to clear while the color of the paper turns blue.  



 

 
Fig. S3 SEM images of the multiscale structure of Na-CS. The multiscale structure of the (A-
C) delignified wood starting material and (D-F) the corresponding wood-based Na-CS obtained 
after soaking the delignified wood in the Cu2+-saturated 20 wt% NaOH solution for a week. The 
hierarchical structure, including the aligned channels formed by the wood vessels, is preserved 
after the synthesis.   



 

 
Fig. S4 The first derivative of the Cu K-edge XANES spectra of Na-CS, Cu foil, CuO, and 
Cu2O.  



 

 
Fig. S5 Fitting of the XANES and EXAFS spectra of Na-CS at the Cu K-edge (A) The 
magnitude of real space χ(R). (B) The real part of χ(R). (C) The χ(k). Fitting parameters were RCu-

O = 1.93 ± 0.01 Å, σ2 = 0.004 ± 0.001, and NCu-O = 3.2 ± 0.3 with S0
2 = 0.91. Original spectrum: 

black lines; first shell fit: red lines; and window functions: blue lines.  



 

 
Fig. S6 Coordination environment of the copper ions in Na-CS. (A) Models of possible Cu-O 
coordination in Na-CS. The copper atom is shown in blue and the oxygen atoms are shown in red. 
The Cu-O bond distance in the equatorial direction is shown as 1.95 Å in all models and the Cu-
O bond distance in the axial direction of the Square Pyramid and Jahn-Teller Octahederal models 
is shown as 2.3 Å. All bond angles are 90˚. (B) The copper-ion-coordinated cellulose fragments 
from ωB97XD/6311+G(2d,p) DFT calculations using Gaussian 16 software.  



 

Supporting Discussion I: Structural analysis 

We built models to analyze the structure of the Na-CS by positioning atoms within the unit cell in 

reasonable ways until we found the best match of the calculated XRD patterns with the 

experimental data. The cellulose chain conformation is restricted by the AGU rigidity. As a result, 

only limited combinations of AGU-copper complex positions are permitted within the constraint 

of the unit cell. We built models for all combinations of the permitted handedness, direction of 

chains, and position of copper ion, calculated the theoretical fiber diffraction pattern of each 

possible configuration using a computer program we wrote, cross checked with XPolar and 

Mercury software, and selected the model that fit the XRD and XANES data the best. The modeled 

Na-CS structure can be achieved by simply rotating the cellulose chains in the Na Cellulose II 

structure reported by Atkins et al. (29) by 60˚ around the center of the chain in the z direction, then 

spreading out the rotated molecular chains with enough space, and finally inserting a copper ion. 

The model with the copper ion coordinating with the O2 and O3 atoms of neighboring chains 

was built with a 3-fold symmetry operation reported in the literature (29, 72) with slight numerical 

modification to the bond angles between the neighboring AGU rings along the chain into an 

accepted range. To semi-quantitatively analyze the quality of the model, a calculation of the 1D 

XRD pattern based on the P3221 space group in TOPAS with consideration of preferred orientation 

of the cellulose fiber is given in Fig. S12. The used CIF files are included in the Supporting 

Information. The dihedral angles at the glycosidic linkage are Φ = -79.45˚ (C5-C1-O1-C4’) and ψ 

= 149.81˚ (C1-O1-C4’-C3’), these two torsion angles are not directly comparable to the native 

cellulose conformation with a twofold axis. The C1-O4’-C4’ bond angle is 116.38˚, the O5-C1-

O4’ bond angle is 108.43˚, the C2-C1-O4’ bond angle is 105.03˚, and the bond length between C1 

and O4’ is 1.421 Å. All bond angles and bond lengths are within normal bond angle and length 



 

ranges and compared in Table S2. O6 is set to the gg conformation in the current model with χ~60˚ 

(O5-C5-C6-O6) (29). Note that the model based on P3221 symmetry has cellulose chains arranged 

in anti-parallel packing. A parallel packing model based on P62 symmetry is also possible yet less 

likely (Fig. S11). The XRD data could not distinguish between the P3221 and P62 symmetries. 

However, the materials before transforming to Na-CS in this work typically displays an anti-

parallel packed Na Cellulose II crystal structure, therefore it can be assumed the anti-parallel 

packing P3221 model is more probable, as transformation from anti-parallel packing to parallel 

packing has not been observed in cellulose crystals.  

The next part of the modeling study was to find the position of the copper ion. Copper ion 

coordination with the O2 and O3 of atoms of the cellulose AGU structure has also been reported 

for the dissolution of cellulose in amine-copper-ion complex aqueous solution (73). It has been 

found that the copper ions bonding to O2 and O3 is indeed the most reasonable scenario (74-76). 

To analyze the size of the elementary fibril of the Na-CS, a wood-based Na-CS sample was 

soaked in DMSO to exchange and remove NaOH and water, followed by drying in vacuum under 

room temperature. The Na-CS structure was preserved after the treatment. Fiber XRD was 

conducted on the dried sample as shown in Fig. S13. An azimuthal accumulation around the (100) 

peak is shown in Fig. S14. The full width at half maximal (FWHM) is measured via a Gaussian 

fitting. The diameter of the elementary fibril is calculated based on the FWHM using the Scherrer 

equation. The resulted fibril diameter (100 Å) is larger than the reported diameter of the cellulose 

elementary fiber (20–30 Å), the reason is likely due to the swelling of the nanofibres during copper 

chelation, plus the effect that two or more Cellulose I elementary fibrils merging to form anti-

parallel chain packing during the treatment by the NaOH solution.  



 

Table S1. List of the indexed peaks from the fiber XRD results of Na-CS. * indicates the peaks 
that cannot be separated from neighboring peaks. 

# h k l measured d 

(Å) 

calculated d 

(Å) 

δ %  δ d (Å) 

1 1 0 0 12.93262 12.9038 -0.22 0.03 

2 1 0 1 9.875491 9.85059 -0.25 0.02 

3 2 -1 0 7.474316 7.45 -0.33 0.02 

4 2 -1 1 6.699594 6.69393 -0.08 0.01 

5 1 0 2 6.571137 6.56456 -0.10 0.01 

6 2 0 0 6.497493 6.45189 -0.71 0.05 

7 2 0 1 5.998218 5.94198 -0.95 0.06 

8 2 -1 2 5.332753 5.32874 -0.08 0.00 

9 0 0 3 5.090644 5.08333 -0.14 0.01 

10 2 0 2 4.935933 4.92529 -0.22 0.01 

11 3 -1 0 4.90667 4.87717 -0.60 0.03 

12 1 0 3 4.740251 4.72957 -0.23 0.01 

13 3 -1 1 4.665856 4.64538 -0.44 0.02 

14 3 0 0 4.330217 4.30126 -0.67 0.03 

15 2 -1 3 4.195751 4.199 0.08 0.00 

16 3 0 1 4.132314 4.13975 0.18 -0.01 

17 3 -1 2 4.1243 4.10859 -0.38 0.02 

18 2 0 3 4.006705 3.99291 -0.35 0.01 

19 3 0 2 3.776443 3.74631 -0.80 0.03 

20 4 -2 0 3.753079 3.725 -0.75 0.03 

21 1 0 4 3.661639 3.65625 -0.15 0.01 

22 4 -2 1 3.633371 3.61861 -0.41 0.01 

23 4 -1 0 3.588497 3.57886 -0.27 0.01 

24 3 -1 -3 3.535303 3.51931 -0.45 0.02 

25 2 -1 4 3.397384 3.39391 -0.10 0.00 

26 4 -2 2 3.37072 3.34696 -0.71 0.02 

27 2 0 4 3.295988 3.28228 -0.42 0.01 



 

28 1 0 5 2.967391 2.96821 0.03 0.00 

29 2 -1 5 2.829811 2.82262 -0.25 0.01 

30 2 0 5 2.76594 2.75742 -0.31 0.01 

31 5 -2 2 2.765897 2.75965 -0.23 0.01 

32 4 -2 4 2.626805 2.66437 1.41 -0.04 

33 3 -1 5 2.592415 2.58597 -0.25 0.01 

34 0 0 6 2.543737 2.54167 -0.08 0.00 

35 1 0 6 2.496577 2.49375 -0.11 0.00 

36 2 -1 6 2.410729 2.40553 -0.22 0.01 

37 4 -2 5 2.328104 2.35986 1.35 -0.03 

38 5 -2 4 2.347724 2.33821 -0.41 0.01 

39 3 -1 6 2.257921 2.25396 -0.18 0.00 

40 4 0 5 2.216656 2.21627 -0.02 0.00 

41 1 0 7 2.149141 2.14817 -0.05 0.00 

42 2 -1 7 2.089541 2.091 0.07 0.00 

43 2 0 7 2.060654 2.06408 0.17 0.00 

44 3 -1 7 1.989775 1.98914 -0.03 0.00 

45 3 0 7 1.942977 1.9435 0.03 0.00 

46 1 0 8 1.886507 1.88578 -0.04 0.00 

47 2 -1 8 1.846675 1.84675 0.00 0.00 

48 3 -1 8 1.775794 1.77545 -0.02 0.00 

49 0 0 9 1.696034 1.69444 -0.09 0.00 

50 1 0 9 1.679891 1.68002 0.01 0.00 

51* 2 -1 9 1.640745 1.65225 0.70 -0.01 

52* 2 0 9 1.640745 1.63887 -0.11 0.00 

53 3 -1 9 1.601543 1.6006 -0.06 0.00 

54 4 -2 9 1.540778 1.5423 0.10 0.00 

55 4 -1 9 1.533104 1.53147 -0.11 0.00 

56 1 0 10 1.514316 1.51446 0.01 0.00 

57 3 -1 10 1.455204 1.45551 0.02 0.00 



 

58 3 0 10 1.440214 1.43733 -0.20 0.00 

59 4 -1 10 1.401779 1.40294 0.08 0.00 

60 1 0 11 1.377272 1.37843 0.08 0.00 

61 2 -1 11 1.360795 1.36297 0.16 0.00 

62 3 -1 11 1.334799 1.33353 -0.10 0.00 

63 0 0 12 1.276523 1.27083 -0.45 0.01 

64* 1 0 12 1.249067 1.26471 1.24 -0.02 

65* 2 -1 12 1.249067 1.25274 0.29 0.00 

66* 3 -1 12 1.249067 1.22977 -1.57 0.02 

  



 

 
Fig. S7 The full fiber-XRD pattern of the Na-CS, with major peaks indexed.  



 

 
Fig. S8 Fiber XRD pattern of the delignified wood. The XRD pattern is identified as Cellulose 
Iβ (29). The major peaks are indexed on the 2D fiber pattern.  



 

 
Fig. S9 The molecular structure of Na-CS as viewed along the c direction, i.e., along the 
cellulose chains and the axial direction of the ion channels. Copper ions coordinate and cross-
link all the cellulose molecular chains to form a supramolecular Na-CS structure.  



 

 
Fig. S10 The difference between the antiparallel packing P3221 symmetry crystal and 
parallel packing P62 symmetry crystal of Na-CS, viewed from the c direction (along the 
cellulose molecular chains). Arrows indicate the C6-O6 in the gg conformation and used as an 
indicator of the cellulose molecular chain direction. Color scheme: red refers to oxygen; grey refers 
to carbon; and blue refers to copper.  



 

 
Fig. S11 The molecular structure evolution. The molecular structure evolution from Cellulose 
Iβ to Na Cellulose I, then to Na Cellulose II, which are driven by NaOH, and finally to Na-CS 
upon the slow copper insertion (29, 72).  



 

Table S2. List of bond angles and bond distances between rigid glycosidic rings from several 
cellulose allomorphs and Na-CS. The results indicate that the structure of Na-CS is consistent with 
the reported structures. Structural information in CIF format is available electronically for 
download. 
Allomorph C1-O4’-C4’ 

angle (˚) 

O5-C1-

O4’ angle 

(˚) 

C2-C1-O4’ 

angle (˚) 

C1-O4’ 

distance (Å) 

C4’-O4’ 

distance (Å) 

Cellulose Iα 

CCDC 792796 (77) 

116.17 

116.06 

106.79 

106.30 

105.78 

107.47 

1.397 

1.409 

1.438 

1.432 

Cellulose Iβ 

CCDC 810598 (78) 

115.05 

116.17 

106.39 

105.89 

106.67 

105.39 

1.414 

1.426 

1.439 

1.436 

Cellulose II (79) 115.62 

115.09 

106.69 

107.13 

108.52 

106.46 

1.393 

1.394 

1.428 

1.436 

Na Cellulose I (80) 116.57 

116.63 

116.56 

116.61 

106.94 

106.99 

106.97 

106.88 

108.30 

108.39 

108.25 

108.33 

1.383 1.426 

1.426 

1.425 

1.425 

Modified Na 

Cellulose II*& 

116.26 106.5 104.36 1.421+ 1.421++ 

Na-CS& 116.38 108.43 105.03 1.421+ 1.421++ 

 

+Bond length and other AGU information are taken from the literature (72). 

++Bond length was set to 1.421 Å as constraint. 

*Atom positions are taken from the literature (29) with correction of minor printing error and 

minor adjustment of the AGU ring spatial arrangement.  



 

&Chain conformation based on P3221 or P62 symmetry has the same bond angle and bond length, 

with only the chain direction changed. 

 

The Na-CS was generated by a computer program written by the authors under the following 

conditions: 1) the AGU ring is rigid; 2) the C4-O4 bond is rigid with a bond length of 1.421 Å; 3) 

the 5 atoms of O2O3-Cu-O2’O3’ are roughly within a plane with Cu-O distance between 1.93 Å 

to 2 Å due to the fluidic nature of the coordination bond and EXAFS data; 4) the C1-O4’ bond 

length is set to the same as the C4-O4 bond length; 5) P3221 symmetry for arrangement of the 

AGUs. After the angles between bonds connecting the AGU rings were close to a reported range 

(115.9˚-116.63˚ for C1-O4'-C4' and 105.78˚-108.52˚ for O5-C1-O4' or C2-C1-O4', 1.383 Å - 1.439 

Å for C1-O4' and C4'-O4' distance as listed in Table S2), the authors deemed the structure 

satisfactory. It should be noted that as the Na-CS is strongly affected by both copper and sodium 

ions, a larger scale calculation or simulation including all the factors is still needed to fully 

understand the structure.  



 

 
Fig. S12 1D XRD pattern calculation for the Na-CS structure with preferred orientation 
considered. The experimentally measured XRD data (Figure 2D, Figure S7) is shown in blue, and 
the calculated diffraction 1D pattern produced by TOPAS (with preferred orientation (001) 
considered from the P3221 model with water included) is shown in red. The experimental and 
calculated data show the same trend, indicating the model captures the essence of the structure. 
The difference between the experimental data and calculation may derive from the position of 
water and Na+ as well as the cellulose chain arrangement.  



 

 
Fig. S13 2D fiber XRD pattern of Na-CS with an azimuthal integration around the (100) 
peak. The 2D fiber XRD was conducted on a Xenocs Zeuss SAXS system with a copper Kα micro-
focusing source. The sample was sealed in an X-ray capillary and scanned in vacuum. Only 1 
quadrant was scanned.  



 

 
Fig. S14 1D fiber XRD pattern from Na-CS with an azimuthal integration around the (100) 
peak and a Gaussian peak fitting on the (100) peak as shown in Fig. S13. The fiber diameter 
can be estimated based on the Scherrer equation as 100 Å, with the shape factor assumed to be 1 
and full width at half maximum assumed to be 0.0155 rad from the fitting. The fibril diameter (100 
Å) is larger than the reported diameter of the cellulose elementary fiber (20–30 Å), the reason is 
likely due to the swelling of the nanofibre during copper intercalation, plus the effect of two or 
more Cellulose I elementary fibrils merging to form anti-parallel chain packing during the NaOH 
solution treatment.  



 

 
Fig. S15 Representative Nyquist plots of the non-pressed and pressed wood-based Na-CS in 
20 wt% NaOH at 25 ℃. Due to the complex microstructure of the wood-based Na-CS, the 
conductivity was extrapolated based on the following equation: Rmeasured = Rbulk + Rcontact = L/σS + 
Rcontact, where R is the resistance, L is the length, S is the surface area, and σ is the conductivity 
(see Methods for details).  



 

 
Fig. S16 Schematic and SEM images showing the dense microstructure of the wood-based 
Na-CS after pressed. The viewing direction is perpendicular to the nanofibres and the channels.  



 

 
Fig. S17 SEM and schematic images of Na-CS before and after pressing. SEM showing the 
porous structure of (A) the non-pressed wood-based Na-CS and (B) the dense microstructure of 
the pressed wood-based Na-CS. The SEM image is viewed along the axial direction of the ion 
conduction pathways, showing the cross section of the wood-based Na-CS.  



 

 
Fig. S18 Comparison between pressed wood-based Na-CS and glass fiber membrane. (A) The 
pressed wood-based Na-CS exhibits slightly higher ionic conductivity in 20 wt% NaOH solution 
but much lower porosity compared to the glass fiber. (B) SEM image of the pressed wood-based 
Na-CS. (C) SEM image of the glass fiber.  



 

Table S3. Comparison of porosity between pressed wood-based Na-CS and glass fiber membrane. 
Material Porosity (%) 

Glass fiber membrane 90 ± 5 

Pressed wood-based Na-CS 55 ± 15 
  



 

Supporting Discussion II: Modeling Na+ transport in Na-CS 

Born-Oppenheimer molecular dynamics simulations were performed to explore the diffusion 

mechanism of NaOH4.5H2O and NaOH9H2O aqueous solutions inside the Na-CS at elevated 

temperature (120 ºC). The starting composition of Na-CS considered was fully deprotonated on 

the O2, O3, and O6 sites for NaOH4.5H2O and fully protonated for NaOH9H2O (see Methods 

for details). Because of the computational expense to generate trajectories of ~30-50 ps for these 

systems, several initial geometries (what we call replicates) are extracted from a series of force 

field simulations. 

The diffusion of Na+ ions in the Na-CS is highly directional in the direction parallel to the 

channel. However, we observe that 1D mean square displacements (MSDs) in this parallel 

direction averaged over the 28 Na+ ions per trajectory are quite small (< 1 Å) (72) over the linear 

regime. From the slopes of the MSD vs. time curves in the time range of 5 ps to 15 ps, the diffusion 

coefficient of Na+ ion in Na-CS is estimated to be 2 ± 0.4 10-10 m2/s, which translates to a maximum 

(ideal) conductivity due to Na+ on the order of ~45 mS/cm, despite the use of revPBE to improve 

the dynamic properties of water. For the sake of brevity and because the NaOH9H2O trajectories 

show no appreciable difference from the NaOH4.5H2O trajectories, we do not show average 

MSDs or per particle MSDs for the NaOH9H2O trajectories. It may also be the case that 

OPLS/AA is too aggregating even with scaled charges and the timescale of the DFT simulation 

even at high temperature is not enough to see dissociation of the ion pairs. Related to the 

NaOH4.5H2O simulations, one unique aspect DFT simulation provides over the force-field-based 

dynamics simulations, however, is the explicit treatment of the structural diffusion mechanism of 

OH- in solution through the H3O2
- intermediate described by Tuckerman et al. (81, 82). Several of 

these exchanges were observed to occur in the solvation shell of the Na+ ions immobilized on the 



 

cellulose wall, forming the octahedral complex RCONa(H2O)4OH. In instances where the 

coordinated OH- was converted to H2O, the resulting Na+(H2O)5 species is seen to quickly 

dissociate from the cellulose. This would suggest that the structural diffusion mechanism of the 

solvated OH- plays a role in the exchange of cations between the nano-confined solution phase and 

the cellulose/electrolyte interface. It is worth noting also that the Cu2+ ions remained in place over 

the length of the simulation further confirming stability of the proposed Na-CS model. 

Fig. S19 shows the observed instantaneous coordination number of a typical hopping event. 

This plot demonstrates the directionality of the diffusion pathway (i.e., from one cellulose site to 

another) and the importance of Na+ ion exchange between the cellulose/electrolyte interface and 

the solution phase in the middle of the channel. By examining the per particle MSD (all 112 ions 

from all 4 trajectories, Fig. S20), we observed significant heterogeneity of Na+ displacements on 

the simulation timescale. The same is true for the case with the NaOH9H2O as well, most cations 

are immobilized (again, relative to DFT timescales) on the anionic sites along the cellulose wall. 

Fig. S20 examines the correlation between the Na+ coordination shell composition (x-axis) and the 

Na+’s proximity to the cellulose framework, namely the per particle MSD computed to 10 ps (y-

axis). The probability that the ion is <3.2 Å away from any of the cellulose oxygen atoms over the 

length of the simulation is demonstrated using a blue-to-red color gradient. From this figure it is 

seen that the fastest moving ions tend to have higher liquid phase coordination numbers and do 

not spend as much time near one of the anionic sites on the cellulose (red dots, upper far right of 

figure). However, as is demonstrated in Fig. S19, nano-confinement of Na+ ions in the cellulose 

channels tends to lead to a more directional diffusion pathway parallel to the channel when large 

hopping events do occur.  



 

 

Fig. S19 Born-Oppenheimer molecular dynamics modeling of the Na+ transport in Na-CS 
with a NaOH9H2O configuration. (A) Instantaneous coordination numbers (Na-O(cellulose) 
<3.2 Å and Na-O(water/OH-) <3.2 Å for the most prominent observed diffusion event (largest 
individual MSD of all ions ~40 Å) (72). (B, C) Diffusion pathway inside the channel with labels 
identifying the coordination environment observed (viewing from different angles). Sodium is 
shown in purple, carbon is shown in gray, and oxygen is shown in in red. Hydrogens, copper, other 
sodium ions, and the solvent are omitted for clarity.  



 

 
Fig. S20 Born-Oppenheimer molecular dynamics modeling of the Na+ transport in Na-CS, 
relating diffusion to the coordination environment of the Na+ ions. (A) The per particle MSD 
computed to 10 ps (y-axis) against the average coordination number of Na+ to water and/or OH- 
(x-axis) and probability that the ion is <3.2 Å away from any of the cellulose oxygen atoms over 
the length of the simulation (color). Blue indicates a high probability to sit <3.2 Å from cellulose 
oxygen, while red indicates a high probability to reside >3.2 Å from cellulose oxygen atoms. (B) 
The Na+ ions near and interacting with cellulose oxygen diffuse slower (left), while those at the 
channel center, with higher liquid phase coordination numbers and that do not interact strongly 
with the cellulose molecular chain, diffuse faster (right).  



 

 
Fig. S21 Other forms of Na-CS from cellulose materials. (A) Na-CS ink. (B) Na-CS gel, and 
(C) Na-CS cotton textile.  



 

 
Fig. S22 2D powder XRD pattern of filter paper Na-CS after storing in 20 wt% NaOH 
solution for more than 2.5 years.  



 

 
Fig. S23 1D XRD pattern of filter paper Na-CS after storing in 20 wt% NaOH solution for 
more than 2.5 years. Peaks are consistent with those shown in Fig. S12, indicating no significant 
degradation after more than 2.5 years.  



 

 
Fig. S24 Filter paper was used as the cellulose starting material for the fabrication of the 
paper-based Na-CS. (A) Digital photo of the pristine filter paper. (B, C) SEM images of the 
pristine filter paper at (B) lower and (C) higher magnifications. (D) Digital photo of the Na-CS 
filter paper. (E, F) SEM images of the Na-CS filter paper at (E) lower and (F) higher magnifications. 
No discernable difference of the microstructures can be observed between the pristine and Na-CS 
filter papers. 
  



 

Data S1 Na Cellulose II_Polymer 1974 
Data S2 Na-CS_Model P3221 
Data S3 Na-CS_Model P62 
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