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1. Materials 

Preparation of Cellulose nanofibrils (CNF) and CNF free-standing films

Cellulose nanofibrils (CNF) was prepared by TEMPO oxidation of wood pulp (kindly 

provided by Andreas Fall, WWSC, KTH, Sweden) according to a previously reported 

procedure, which resulted in surface-functionalized fibrils with carboxylic groups with a 

total charge density of 0.6 mmol/g determined using conductometric titration. The 

treatment results in a colloidally stable dispersion of CNF fibrils with a concentration of 

1.5 mg/ml. The pH of the dispersion was 6.7. 

Scanning electron micrograph (SEM) of the sample is shown in Figure S1a.The CNF 

fibrils are long and thin with a length of 0.3–1 µm and width between 10-15 nm. 

SEM characterization of the CNF was carried out using a JEOL JSM-7401F field 

emission gun scanning electron microscope on a small section of a freeze-dried CNF 

dispersion. The freeze-dried sample was placed onto an aluminium stub and coated with a 

thin carbon layer. The images were recorded using an accelerated voltage of 2 kV, probe 

current of 10 μA and working distance of 3 mm. The imaging of the samples was carried 

out under the ‘GB High’ setting.

The free-standing CNF films were prepared by slow drying for 24 hours of 200 μl of the 

CNF dispersion in a Petri dish under controlled temperature (30°C) and humidity (50%). 

Optical image of transparent, free-standing CNF film was shown in Figure S1b.

Preparation of free-standing tannin-containing CNF films 
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The CNF dispersion was mixed with solutions of hydrolyzable tannins and the mixtures 

were then transferred to a Petri dish and kept for drying in a humidity chamber (BINDER 

GmbH) at a temperature of 30°C and 50% relative humidity to produce free-standing 

tannin-containing CNF films (Figure S1c). We mixed 200 μl of the CNF dispersion with 

aqueous solutions of three different hydrolyzable tannins; gallic acid GA (C7H6O5, 

Sigma-Aldrich), ellagic acid, EA (C14H6O8, Sigma-Aldrich), and tannic acid, TA 

(C76H52O46, Sigma -Aldrich). The details of the composition of the dispersions/solutions 

are given in the table S1. 

Preparation and characterization of functionalized free-standing CNF films

The CNF suspension was first mixed with solutions of hydrolyzable tannins followed 

with the addition of FeII/III salt solutions (FeCl3·6H2O Sigma-Aldrich 157740, 

FeCl2·4H2O Sigma-Aldrich 220299, FeSO4·6H2O Sigma-Aldrich 21,542-2). The 

composition and added volumes of are tabulated in table S2. The functionalized CNF-

films were prepared by evaporative casting in a Petri dish under controlled drying 

conditions at 30°C and 50% relative humidity. Optical images of the functionalized CNF 

films are displayed in Figure 1a and Figure S1d-f.

The dark color of the functionalized films remained after repeated washing in deionized 

water. The same method was also used to prepare free-standing functionalized films 

based on enzymatically prepared nanocellulose (Figure S2).

2. Methods

Molecular simulations (MD) of tannins and cellulose

Molecular Dynamics simulations were performed using the GROMACS simulation 

suite.1 They employed the GROMOS 53a6 parameter set for cellulose and tannins,2 and 

the SPC model for water.3 The equations of motion were integrated using a leap-frog 

algorithm with a basic time step of 4 fs. The temperature was maintained at 300 K using 

stochastic velocity-rescaling,4 and pressure was held constant at 1 atm using a Parrinello-

Rahman barostat.5 Electrostatic non-bonded interactions were truncated at 1 nm, and the 

long-range part was included using PME.6,7 Van der Waal’s interactions were modelled 

using Lennard-Jones potentials with 1.4 nm cut offs. All bond lengths were held at their 
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equilibrium values using P-LICNS.8 Periodic boundary conditions were employed in all 

directions.

Potential of mean force (PMF) calculations were set-up by placing a single tannin 

molecule (gallic acid or ellagic acid) approximately 2.5 nm above a model cellulose 

surface consisting of four layers of chains in a cellulose Iβ arrangement.9 Each layer 

consisted of eight chains, eight anhydro-glucose units long, making the surface 

approximately 4 x 4 nm in size. However, chains were covalently bonded to their own 

periodic image over the boundaries, effectively making the surface infinitely large. The 

box size in the direction normal to the surface was approximately 8 nm. The remaining 

space in the computational box was filled with explicit SPC water molecules, making a 

water layer approximately 6 nm thick. The PMF was calculated using umbrella sampling 

with a harmonic restraining force constant of 1000 kJ mol-1 nm-2 along a reaction path 

parallel to the surface normal, which was varied from 2.5 to 0.2 nm in steps of 0.05 nm. 

At each value, the system was simulated for 5 ns. The total PMF as a function of the 

reaction coordinate was calculated using the Weighted Histogram Analysis Method 

(WHAM).10

A model cellulose nanocrystal consisting of 16 chains, where each chain consists of 20 

glucose units in length, with the chains organised in a 4x4 cellulose Iβ crystal 

arrangement, was placed in a computational box 6 x 6 x 12 nm in size, with its long axis 

parallel to the z direction. In the space surrounding the nanocrystal, a number of tannin 

molecules (140 gallic acid or 100 ellagic acid) were randomly inserted, and the remaining 

space was subsequently filled with water. Both ends of the cellulose nanocrystal was 

restrained in the x/y plane using harmonic restraining potentials with force constants 

1000 kJ mol-1 nm-2. This was done to keep the nanocrystal from rotating out of the box, 

and also to enforce the chains to remain in a Iβ conformation. These systems were 

simulated for 50 ns each. 

Due to the limitations of the purely classical description, no Fe ions were included in the 

simulations. 

Atomic force microscopy (AFM)

The AFM measurements on the CNF-based films deposited onto thoroughly cleaned 

glass cover slips obtained from TED PELLA, Inc. were carried out in tapping mode using 
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Dimension 3100 SPM with NS-IV controller, Veeco, USA instrument.  The cantilevers 

with a force constant of 5.7 N/m were obtained from MicroMasch. The force was kept 

minimal during scanning by routinely decreasing it until the tip left the surface and 

subsequently increasing it slightly to just regain contact. We recorded amplitude and 

height images using a scan rate between 0.5 and 2 lines per second. The images of 512 

×512 px2 were analysed with non-commercial software WSxM.11 

Scanning electron Microscopy (SEM)

Scanning electron microscopy was performed on a JEOL JSM-7000F (JEOL Ltd., Japan) 

using a backscattered electron detector and an accelerating voltage of 5 kV. The 

elemental composition was determined by an energy-dispersive X-ray spectrometer (Link 

system AN 10000). 

Optical Microscopy

Optical microscopy was performed with a Nikon Eclipse FN1 optical microscope (Nikon, 

Japan) equipped with a 50x objective (WD = 17 mm, NA = 0.45). Digital images were 

obtained using a CCD camera (Kappa Zelos-02150C GV, Kappa Optronics GmbH) and 

the white balance and contrast of the images were corrected. 

Infrared Spectroscopy measurements

A Varian 610-IR Fourier transform infrared (FTIR) spectrometer was used to probe the 

molecular interactions of the tannins and iron impregnatedCNF films. The FTIR 

spectrometer was equipped with an attenuated total reflection (ATR) accessory (Specac) 

with a single-reflection diamond ATR element. Measurements were normally performed 

by accumulating 64 scans in the spectral region of 4000 – 390 cm-1 with a spectral 

resolution of 4 cm-1. IR spectra of the tannins and iron impregnated free-standing CNF 

films were obtained by pressing the films against the diamond ATR element (Figure 2 a,b 

and Figure S4). The concentrations of the tannins were optimized (see table S1 and S2) 

so that the amount of free tannins was minimized and it was possible to observe changes 

in the carbonyl region of the adsorbed tannins using IR spectroscopy. Figure 2a shows IR 

spectra of CNF treated with 0.005 M solution of GA and figure S4 A shows IR spectra of 
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CNF treated with 0.001 M TA. Figure S4 b shows IR data of the CNF films impregnated 

with combination of 0.005 M EA with 0.005 M GA and 0.001 M TA. IR measurements 

of the FeIII/II salt solution and the GA and TA impregnated CNF free-standing films are 

shown in Figure S4c& Figure S4d, respectively. The IR spectra of CNF free-standing 

films treated with a combination of tannins like GA + EA and GA+ EA+ TA and FeIII/II 

salt solution are shown in Figure S4e and Figure S4f, respectively. The dark color free-

standing films treated with GA + EA and GA+ EA+ TA, and FeIII/II salt solution were 

rinsed for ~ 30 sec. with distilled water and allow them to dry at room temperature. The 

process was repeated for several times and IR spectra recorded. The IR measurements 

showed similar results before and after washing and the colour of the films remained 

dark.

X-ray absorption near edge spectroscopy (XANES) 

The XANES measurements on the Fe K-edge were carried out using the facilities of the 

synchrotron radiation source at Max IV Lab in Lund, Sweden. The beamline I811 used a 

multi-pole wiggler providing an energy range between 2.4 and 21 keV with a wavelength 

resolution of E/dE 104. The station was equipped with Si [111] double crystal 

monochromator, and higher order harmonics were discarded by detuning the second 

monochromator crystal. The samples were deposited on sticky tape and placed on a 

Teflon sample holder allowing a spot size on sample of 0.5 x 0.5 mm2. 

The Fe K pre-edges were deconvoluted using the software PeakFit4 to understand 

oxidation state of iron in the samples shown in Figure S5.

X-ray photoelectron spectroscopy (XPS)

The chemical surface composition of the tannin and iron salt impregnated CNF film was 

determined by X-ray photoelectron spectroscopy (XPS, Physical Electronics Quantum 

2000, Al Kα X-ray source) (Figure S6). C1s and Fe 2p core level scans were recorded 

with step size of 0.2 eV. The data obtained was fitted using software PeakFit 4. The core 

level scans of C1s and Fe2p for FeIII and FeII solution treated samples are shown in 

Figure S7. C 1s core level scans showed clearly the contribution from three components 

C-C/C-H, C-O and O-C=O (Figure S7 a to e).12,13,14,15 Fe 2p core level scans could be 
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deconvoluted as shown in Figure S7f, S7g and Figure 2d.16,17,18 The atomic percentage of 

Fe2+ and Fe3+ in all the samples is tabulated in table S3.

UV-visible absorption spectroscopy 

The UV-Vis measurements were carried out on liquid samples using quarts cuvette in the 

range of 200 to 800 nm using a Perkin Elmer lambda 19 UV-Vis/NIR spectrometer. The 

time dependent UV-Vis measurements were carried out for iron salt impregnated GA 

treated CNF solution (Figure S8 a and b). The data were collected for 900 min and each 

scan recorded after every 1 min. In all the samples two bands were observed in the range 

of 250-350 nm. FeIII solution treated GA impregnated CNF sample showed a small band 

around 400 nm, may be due to formation of o-quinone. With increasing time, FeII treated 

samples showed a broad band in the range of 420 to 800 nm. The intensity of the band at 

300 nm also increases with increasing reaction time. 

Formation of in-situ complexes of GA and other metal ions (Cu2+, Co2+ and Cr3+) on 

CNF

We have prepared CNF-based films with complexes of GA and different di- and trivalent 

ions, i.e. Cu2+, Co2+ and Cr3+. UV-vis absorption and fluorescence spectroscopy were 

utilized to study the optical behavior of the films and dispersions prepared.

The absorption measurements of tannins and Cu2+, Co2+ and Cr3+ impregnated CNF are 

shown in Figure S9 a & b along with photographs of the samples. Untreated CNF shows 

absorption ~ 252 nm. Pure Gallic acid shows two absorption peaks ~ 228 and 260 nm. 

The UV-vis response of CNF-films treated with GA and Cu2+, Co2+ cations show an 

absorption peak at ~ 266 nm. The main absorption peak for the CNF film treated with 

gallic acid and Cr3+ cations is shifted to ~ 273 nm and the spectra also display a shoulder 

at ~ 342 nm. CNF-films treated with GA and Co2+ cations show an absorption peak at ~ 

510 nm. CNF-films treated with GA and Cr3+ cations show an absorption peak at ~ 570 

nm.

Nanopatterning of CNF films with functional metal-tannin complexes

We have patterned CNF films with metal-tannin complexes using micro-contact printing 

(μCP) method. The printing was performed using polydimethylsiloxane (PDMS) stamps 
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which were prepared from commercially available Sylgard 184 (Dow Corning) by replica 

molding on a silicon master. The 20 x 20 mm silicon master with sub-micron surface 

features was obtained from Nanoimprint lithography (NIL) technology. The elastomer 

and curing agent was mixed in 10:1 ratio and degassed under vacuum for 20 min. The 

mixture was then poured onto the silicon master and cured for 1 hour at 70°C. Then the 

PDMS stamp was peeled off from the master, cut and washed prior to use. For patterning, 

one stamp with 2 μm wide and 1 μm high protruding lines and one stamp with 2 μm 

diameter and 1 μm high protruding pillars were used. 

The CNF films were prepared by slowly drying 200 μl of a 1.5 mg/ml CNF suspension 

on a flat silicon substrate. Then the films were pre-impregnated with either 10 μl of 0.001 

M tannic acid (TA, pH 3.5) or 10 μl of 0.005 M gallic acid (GA, pH 3.4) and slowly 

dried. The metal salt inks were prepared by dissolving FeCl3, CoCl2, and CuSO4, 

respectively, in deionized water to obtain a final metal ion concentration of 0.1 M. The 

PDMS stamp was saturated with the metal salt solution and then placed onto the tannin-

impregnated CNF film. No extra pressure was applied. The stamp was kept in contact 

with the film for 1h at 60°C. After removing the stamp, micrometer sized patterns were 

obtained. The pH changes were achieved by carefully fumigating patterned CNF films 

with NH4OH or HCl, respectively. The generated patterns were characterized by optical 

microscopy, AFM and SEM/EDX. 
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Figure S1. Structure of CNF and images of CNF films. a) SEM of freeze dried 
cellulose nanofibrils (CNF). Optical images of b) free standing film of CNF; c) free-
standing film of CNF treated with GA. d) CNF film functionalized with TA and FeII salt; 
e) CNF film functionalized with GA, EA and FeII salt; f) CNF film functionalized with 
GA, EA, TA and FeII salt. The scale bars represent 0.5 cm.
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Table S1. Composition and pH of tannin solutions and CNF dispersions used to prepare 
the tannin-containing free-standing CNF films.

*The added volume relates to the volume of the CNF dispersion and tannin solutions that 

were used to prepared the films by drying in a Petri dish.

Sample pH Concentration [mol/l] Added volume 

[μl]*

CNF 6.7 1.5 200

Gallic acid (GA) C7H6O5 3.5 0.005-0.025 20

Ellagic acid (EA) C14H6O8 3.5 0.005-0.025 20

Tannic acid (TA) C76H52O46 3.5 0.001–0.025 10

CNF+GA 4.8 1.5+0.005 200+20

CNF+TA 5.3 1.5+0.001 200+10

CNF+GA+EA 4.5 1.5+0.005+0.001 200+20+10

CNF+GA+TA+EA 5.0 1.5+0.005+0.001+0.001 200+20+10+10
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Table S2. Composition and pH of the CNF, tannin and iron salt solutions used to prepare 
functionalized free-standing CNF films.

Sample pH Concentration [mol/l] Added volume         

[μl]* 

CNF+GA+FeCl3 3.2 1.5+0.005+0.025 200+20+20 

CNF+GA+FeCl2 4.0 1.5+0.005+0.025 200+20+20 

CNF+GA+FeSO4 4.1 1.5+0.005+0.025 200+20+20 

CNF+TA+FeCl3 3.3 1.5+0.001+0.005 200+10+10 

CNF+TA+FeCl2 4.5 1.5+0.001+0.005 200+10+10 

CNF+TA+FeSO4 4.8 1.5+0.001+0.005 200+10+10

CNF+GA+EA+FeCl3 3.1 1.5+0.005+0.001+0.025 200+20+10+20

CNF+GA+EA+FeCl2 4.1 1.5+0.005+0.001+0.025 200+20+10+20

CNF+GA+EA+FeSO4 4.0 1.5+0.005+0.001+0.025 200+20+10+20

CNF+GA+TA+EA+FeCl3 3.4 1.5+0.005+0.001+0.001+0.025 200+20+10+10+20

CNF+GA+TA+EA+FeCl2 4.6 1.5+0.005+0.001+0.001+0.025 200+20+10+10+20

CNF+GA+TA+EA+FeSO4 4.7 1.5+0.005+0.001+0.001+0.025 200+20+10+10+20

*The added volume relates to the volume of the CNF dispersion and tannin solutions that 

were used to prepared the films by drying in a Petri dish.
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Figure S2. Optical images of free-standing films of enzymatically prepared 
nanocellulose without carboxyl groups: a) functionalized with GA and FeIII salt; b) 
functionalized with TA and FeII salt solution. The scale bars represent 0.5 cm.
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Figure S3. Molecular dynamics (MD) simulation of GA and EA interacting with 
crystalline cellulose. The potential of mean force (PMF) plots of; a) Gallic acid and b) 
Ellagic acid as a function of distance from a model cellulose surface. The dotted lines 
represent the standard error from the calculation, which is around 1 kT.

a

b
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Figure S4. a) IR spectra of CNF impregnated with TA (0.001 M). b) IR spectra of CNF 
impregnated with GA (0.005 M), TA (0.001 M) & EA (0.005 M). c) IR spectra of GA 
impregnated CNF free-standing films treated with FeIII / FeII salt solutions. d) IR spectra 
of TA impregnated CNF free-standing films treated with FeIII / FeII salt solution. e) IR 
spectra of CNF free-standing films treated with GA, EA and FeII / FeIII salt solution. f) IR 
spectra of CNF free-standing films treated with GA, EA, TA and FeII / FeIII salt solution. 
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Figure S5. X-ray absorption near edge spectroscopy. Deconvoluted Fe K-edge pre-edge 
spectra of CNF treated with GA and a) FeCl3 and; b) FeSO4.
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Figure S6. X-ray Photoelectron spectroscopy. XPS scans of CNF treated with GA and a) 
FeCl3 and; b) FeCl2.
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Figure S7. X-ray Photoelectron spectroscopy.  XPS core level scans of C1s for; a) CNF 
and; b) CNF treated with GA and; CNF treated with GA and c) FeCl3; d) FeCl2 and; e) 
FeSO4. XPS core level scans of Fe 2p for CNF treated with GA and; f) FeCl3 and g) 
FeCl2. 
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Table S3.  The XPS binding energy and composition of CNF and CNF treated with 
gallic acid (GA) and FeIII and FeII salts. The atomic ratio of FeIII/FeII is obtained from 
analysis of the Fe2p peaks in Figure S7 and Figure 2d.

Samples C-C/C-H C-O O-C=O Fe2+ Fe3+ 

CNF 283.6 eV
 (23.7%)

285.2 eV 
(58.9 %)

286.7 
(17.3%)

- -

CNF+GA 282.9 eV
 (18.3%)

284.6 eV
 (43.6%)

286.5 eV 
(38.1%)

- -

CNF+GA+FeCl3 283.51 eV
 (45.2%)

285.3 eV 
(37.9%)

286.8 eV 
(16.9%)

708.3 eV
713.6 eV
722.2 eV
727.8 eV

710.3 eV
716.6 eV
724.1 eV
733.2 eV

CNF+GA+FeCl2 283.7 eV
 (35.7%)

285.3 eV
 (45.9%)

286.9 eV 
(18.3%)

708.8 eV
712.3 eV
723.1 eV
729.3 eV

710.4 eV
715.1 eV
725.9 eV

CNF+GA+FeSO4 283.70 eV 
(34.1%)

285.4 eV 
(47.4%)

286.9 eV 
(18.5%)

708.3 eV
711.7 eV
722.1 eV

709.7 eV
714.4 eV
723.9 eV
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Figure S8. UV-visible spectra of dispersions. a) UV-Vis spectra of dispersion of CNF 
with GA and FeCl3. The band at ~274 nm is assigned to the neat GA. The lower inset 
shows shoulder at ~390 nm, assigned to GA−quinone complex. The upper inset shows 
shoulder at ~590 nm assigned to ligand to metal charge–transfer band (LMCT; here the 
ligand is GA and the metal is iron). b) Time dependent UV-visible spectra of a 
dispersions of CNF with GA and FeSO4. The band at ~266 nm and 300 nm assigned to 
neat GA and phenolate form of GA, respectively. The broad band observed between 500 
nm to 700 nm with a maximum at ~580 nm assigned to ligand to metal charge–transfer 
band (LMCT; here the ligand is GA and the metal is iron). 

CNF
CNF
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Figure S9. a) UV-visible spectra of dispersions of gallic acid and CNF together with 
Cr3+, Co2+ and Cu2+. Images of the resulting drop cast films are included as insets. b) 
Magnified region from 400 to 800 nm of UV-visible spectra of dispersions of gallic acid 
and CNF together with Cr3+, Co2+ and Cu2+.
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