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Fig. S1. The calibration curve of NO3
− with good linearity. 

 

Fig. S2. The calibration curve of NO2
− with good linearity. 

 

Fig. S3. The calibration curve of NH4
+ with good linearity. 
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ReaxFF Molecular Dynamics (RMD) Simulations 

Model building. The molecular model used as starting material consisted of 
cellulose fibers parallelly packed in a rectangular parallelepiped box. Eight cellulose 
fibers, made of sixteen chains with six-teen glucosyl residues each, arranged as a 
parallelepiped rod (84 × 25 × 25 Å3), were assembled parallelly close to each other 
on two parallel planes (four fibers on each plane – Fig. S4) and used as the carbon 
source in the carbonization process. 

 
Fig. S4. The multi-fiber model used to start the cellulose carbonization simulations (stick and vdW representations – 
C gray, O red, H white). All the hydrogen and the oxygen atoms forming H2O were removed to speed up the 
calculations. 

Preliminary RMD simulations. The complete fiber (containing all carbon, oxygen, 
and hydrogen atoms) shown in Fig. S4 was used, first, to disclose, through reactive 
MD, the initial stages of the cellulose carbonization process in terms of reactions 
and type of products, to define an efficient less time-consuming computational 
strategy to carbonize bigger supramolecular models. The selected configuration 
was inserted in a larger box, and the temperature was increased from 0 to 1500 K 
in 50 ps. Then the system was maintained at that temperature for the rest of the 
simulation time (around 100 ps). During the dynamics, we observed the desorption 
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of H followed by the formation of H2 (~1000 K), the release of OH groups, and the 
formation of H2O and H3O+ (1500 K). These were then accompanied by the 
desorption of CO fragments. The progressively produced water molecules were 
removed from the simulation box to speed up the calculations. A complex porous 
carbon network started to shape from the sparse chains present in the cell. The 
final configuration consisted, essentially, of the carbon atoms (backbone) of the 
cellulose chains with a few oxygen atoms. 

Given these premises, we decided to start the carbonization of the larger system 
from the reduced backbone model containing only the atoms that were not 
involved in water formation. 

RMD Simulations of the carbonization and N-doping processes. The eight-fiber 
model shown in Fig. S1 was inserted in a 100 x 100 x100 Å3 simulation box (periodic 
boundary conditions were applied in all directions), equilibrated at 300 K in the NVT 
ensemble, and then slowly heated to 600 K, in a time span of approximately 50 ps, 
slightly modulating the force field parameters1 to randomize the cellulose chains, 
and kept there for about 50 ps (Fig. S5). Then, the heating process was repeated, 
increasing the temperature to 1200 K at a rate of 0.002 K/iteration (60 ps). A few 
nitrogen atoms were inserted in the simulation box to mimic the experimental 
oxidizing stage. The system was maintained at this temperature for about 500 ps to 
observe the reorganization of the structure (production stage – Fig. S6). 

 
Fig. S5. Randomization simulation of the eight cellulose fibers (stick model with C gray and O red). Periodic replicas 
are shown to highlight the formation of continuous material Evolution of the structure from the beginning to the 
final structure. 

The RMD simulations were based on a force field used earlier for these types of 
materials.2 
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Fig. S6. Reorganization of the randomized fibers (stick model with C gray, O red, N blue). Periodic replicas are shown 
to highlight the formation of continuous material Evolution of the structure from the beginning to the final structure. 

The time step was set to 0.2 fs, and the temperature was controlled through the 
Hoover-Nosé thermostat with a relaxation constant of 0.1 ps. All RMD runs were 
carried out with the ReaxFF code implemented in the Amsterdam Density 
Functional (ADF)/ReaxFF3 and Large-scale Atomic/Molecular Massively Parallel 
Simulator (LAMMPs) packages.4 From the production stage, a few configurations 
displaying amorphous carbon matrices with alternating graphitic sheet regions 
were extracted and used as initial geometries for the N-doping procedure. The 
models were surrounded by NH3 and simulated at high temperatures (1200 K) to 
mimic nitrogen doping (Fig. S7). 

 
Fig. S7. Randomized N-doping of the last model obtained from the reconstruction simulations (stick model with C 
gray, O red, N blue). Periodic replicas are shown to highlight the formation of continuous material. Evolution of the 
structure from the beginning to the final structure. 

To identify the most appropriate NH3 concentration for obtaining modeling results 
comparable with the experimental data, we carried out three different simulations 
with different amounts of N atoms, namely 0.01, 0.02, and 0.04 (expressed as N/C 
ratio). This comparison was useful for estimating not only the capacity of adsorption 
but also various possible types of insertion (Fig. S8). The model corresponding to 
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the highest N concentration turned out to be the most promising, and it was 
selected for the subsequent simulations in solutions in the presence of NO3

− ions. 

 
Fig. S8. Portions of the final model (stick model with C gray, O red, N blue) showing possible locations of the nitrogen 
atoms inserted during the doping procedure. 

Characterization of the models. The pores of the NDC model structures were 
identified via the CAVER software.5 The code resorts to spherical probes to fill void 
regions inside the selected configuration by changing the radius of the probe. The 
characterization of the generated molecular model in terms of pores is shown in 
Fig. S9, where we have separated the pore structure from the molecular model to 
give a clearer view of its extension and size. 
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Fig. S9. a) complete model; b) organization of the cavities, tunnels, and pockets rendered through a combination of 
spheres, c) empty structure. The final model (stick model and sphere colored according to the atom type: C gray, O 
red, N blue) filled with CAVER’s spheres. These were used to trace the tunnels and pockets that characterize the 
porous nature. 

RMD simulations of the carbonized model surrounded by NO3
− ions. RMD 

simulations were performed in the NVT ensemble, first, at 100 K (100 ps) and then, 
as production dynamics, at 300 K for about 300 ps. The chosen configuration was 
equilibrated at ambient temperature and surrounded by NO3

− ions only to identify 
the preferential adsorption locations. This procedure helped stabilize the positions 
of the ions and explore various binding areas (Fig. S10). 



9 
 

Inspection of the final configuration revealed that the ions could be found all 
around the NDC model, in the pockets and tunnels, and had the tendency to bind 
to defect points and release their O atoms to the support (Fig. S11). To investigate 
this behavior further, we extracted a representative defective portion of the NDC, 
where one of these ions was adsorbed, and explored qualitatively possible reaction 
mechanisms using quantum chemistry calculations. 

 
Fig. S10. The final model (stick model and sphere colored according to the atom type: C gray, O red, N blue) is 
surrounded by NO3

− ions. 

 
Fig. S11. Portions of the final model (stick/ball and stick representation with C gray, O red, N blue) where possible 
locations of the NO3

− ions are shown. The rings of the NDC matrix are colored according to the number of bonds and 
planarity (VMD software). NO3

− binding modes are highlighted in the circles. 
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Exploratory quantum chemistry optimizations. QC optimizations were carried out 
to identify possible adsorption modes of the NO3

− ions to the defective region of 
the NDC support and their reactions there through the g09 software6 using the 
B3LYP functional and the 6-31G* basis set. 

The optimization path, depicted in Fig. S12, shows an initial configuration of the 
HNO3 molecule that has already released the hydrogen to a carbon atom nearby 
and then releases two of its O to the support remaining connected to it. 

 
Fig. S12. Possible reaction mechanism obtained through the QC optimization of the NO3

− ion positioned on a 
defective portion of the NDC support (extracted from the RMD simulations). 
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Then, we tried to evaluate possible adsorption modes through the oxygen (Fig. S13) 
or the nitrogen (Fig. S14) and reactions of NO with the support and the surrounding 
species, represented by a few water molecules. 

NO-C connection (Fig. S13). The optimizations of the initial configurations A and C 
produced the final structures B and H, respectively, thus reproducing the final 
formation of NH3/NH4. 

 
Fig. S13. Possible reaction mechanisms of NO, attached to the support through the O atom, with a few surrounding 
solvent molecules. These structures have been obtained through sequential QC optimizations. 
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ON-C connection (Fig. S14). The optimizations of the initial configuration A 
produced the final structure H with the formation of NH3. 

 
Fig. S14. Possible reaction mechanisms of NO, attached to the support through the N atom, with a few surrounding 
solvent molecules. These structures have been obtained through sequential QC optimizations. 
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Fig. S15. LSV curves of NDC-500, NDC-600, NDC-700, NDC-800 and NDC-900 for HER in a 0.1 M NaOH (pH 13) 
electrolyte. 

 
Fig. S16 LSV curves of NDC-500, NDC-600, NDC-700, NDC-800 and NDC-900 for OER in a 0.1 M NaOH (pH 13) 
electrolyte. 
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Fig. S17. Energy diagrams and local minimum energy configurations of the NO3RR mechanisms O-distal, O-
alternating, N-distal, and N-alternaing taking place on the local defect site of the NDC material selected in the present 
investigation. Carbon atoms are grey, H white, O red, and N blue. 

 

 
Fig. S18. Energy diagrams and local minimum energy configurations of the NO3RR mechanisms O-first, O-enzymatic, 
and N-enzymatic taking place on the local defect site of the NDC material selected in the present investigation. The 
N-first mechanism is reported in the main paper. Carbon atoms are grey, H white, O red, and N blue. 
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Table S1 Comparison of Faradaic efficiency, Removal of NO3
− and NH4

+ selectivity of reported metal free 
electrocatalysts. 
 

Electrocatalyst Faradaic efficiency 
(%) 

Removal of 
NO3

− 
NH4

+ 
selectivity 

Ref. 

NDC-800 20.8  100 % in 48 h 73.1 % in 48 h This work 

N-doped graphene − 4.4 % in 3 h − 7 

F-doped carbon 20 20 % in 10h − 8 

BDD − 96.5 % in 4 h 8.8 % 9 

BDD − 91.0 % in 2 h 3.6 % 10 
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