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Supplement Note S1. 

Quantum chemical calculation in this work was implemented by using Gaussian 09 

software to investigate the geometries and harmonic vibrational frequencies of NTO 

[1]. Neutral and anionic NTO molecules were optimized using B3LYP method with 6-

311++G (d, p) basis set at density functional theory (DFT) level [2]. The standard 

equation ΔG = ΔH - TΔS was employed to calculate the change in Gibbs free energy 

of NTO and its anion in aqueous solution at 298.15 K. Afterward, the related 

parameters, including the energy of the highest occupied molecular orbital (EHOMO) and 

the energy of the lowest occupied molecular orbital (ELOMO), electrostatic potential 

(ESP) were attained. 

Supplement Note S2. 

The initial NTO-H2O system (1 NTO with 83 H2O molecules) was constructed using 

the PACKMOL program [3]. Subsequently, the structure underwent a pre-equilibration 

phase of 1 ns simulation with a timestep of 1 fs, employing the COMPASS II force 

field and utilizing the NVT ensemble within the Forcite module [4]. Following the pre-

equilibration phase, the structure was subjected to a 5 ps equilibration period in the 

AIMD simulations. The equilibration was conducted at a finite temperature of 330 K, 

employing a timestep of 1 fs and utilizing the NVT ensemble. Note that the initial 

configuration was pre-optimized before starting the constrained MD simulation with 

“slow growth” approach [5]. 

In this enhanced sampling method (“slow growth” method), the value of the reaction 

coordinate (label as ξ) is linearly changed from the characteristic value for the initial 

state (ξ1) to that for the final state (ξ2). The formula for calculating the free energy 

difference by integrating along the initial and final state reaction coordinates is as 

follows [6]:
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where the free energy gradient  can be computed from the ensemble averaged 
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derivative of Hamiltonian (H) over the variable ε. The integrand  or is also 
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called the mean force, and the free energy can be considered as the potential of mean 

force. The mean force can be obtained as below:
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λ is the Lagrange multiplier to constrain the reaction coordinate, modifying the 

Lagrangian to be:

 𝐿'(𝑟,𝑝,𝜉) = 𝐿(𝑟,𝑝) + 𝜆[𝜉(𝑟) ‒ 𝜉] (5)

The λ can be determined using SHAKE algorithm [7]. In addition to manually choosing 

a few ε values along the reaction path, it is also possible to automate the variation of ξ 

by applying a constant speed . It can be seen as follows [8]:�̇�
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The work corresponds to the free energy difference between the final and 
𝑊𝜉2

‒  𝑊𝜉1
 

initial state [9].

The radial distribution function (RDF) is defined as:

𝑔𝑁 ‒ 𝑂(𝑟) =
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where V̅ is the average cell volume, NO is the total number of oxygen atom, dnN−O(r) is 

the number of oxygen atom in the elementary volume separated from nitrogen atom 



4

between r and r + dr. 

Fig. S1. The optimized geometry configuration, LUMO, HOMO, ESP maps of neutral 

and deprotonated NTO molecule. 

For the two NTO anions in Fig. S1, compared with the NTO anion that removes H1, 

the configuration after hydrogen dissociation at the N4 site has a lower relative energy, 

implying that NTO is more inclined to form the latter in aqueous solution. Furthermore, 

the LUMO and HOMO distributed over entire molecule, which suggested a flat 

adsorption configuration of the NTO and NTO anion on Fe substrate [10]. Especially, 

in the ESP maps, it could be observed that the orange (negative) regions with 

nucleophilic reactivity distributed on the nitro, carbonyl and N1 or N4 side, whereas 

the blue (positive) regions associated with electrophilic reactivity were mainly 

presented on protons. These areas are easily available to interact with Fe surface [11]. 



5

Fig. S2. Elemental mapping images and energy dispersive X-ray spectroscopy of the 

surface after 10-, 20- and 30-days corrosion experiments. 10 to 30 days from top to 

bottom.
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Fig. S3. (a) Raman spectra of NTO before and after corrosion experiment, (b) XRD 

pattern of NTO after corrosion experiment, (c) the high-resolution XPS spectra of Fe 

2p and (d) N 1s in NTO after 30 days corrosion experiment. 
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Fig. S4. (a, a-1) Structures of the four-layer Fe(110), (b, b-1) five-layer Fe(100), (c, c-

1) three-layer Fe(110), and (d, d-1) six-layer Fe(111). Dark blue, yellow and sky blue 

represent the first, second and third layers of atoms, respectively. The green boundary 

is a selected basic adsorption unit, and the orange line describes the initial position of 

the NTO molecule.



8

Fig. S5. Comparison of adsorption configurations of NTO on Fe(110) with four layers 

(144 atoms, top) and three layers (72 atoms, bottom). (a, a-1) nfc-Fe(110), (b, b-1) nfc-

Fe(110), (c, c-1) nfp-Fe(110). Carbon, hydrogen, oxygen, nitrogen and iron atoms are 

depicted as grey, white, red, blue and purple, respectively. 
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Fig. S6. Comparison of (a) adsorption energy and (b) Bader charge of NTO on Fe(110) 

with four layers (144 atoms) and three layers (72 atoms), a positive value represents 

NTO gains electrons.
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Fig. S7. The various adsorption configurations of NTO on different surfaces, (a-e) 

Fe(100), ((a-1)-(e-1)) Fe(110) and ((a-2)-(e-2)) Fe(111), respectively. The first layer of 

iron is shown in purple, the second and third layers of iron are shown in yellow and sky 

blue, respectively.
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Fig. S8. (a) Adsorption energy and (b) bader charge of NTO on different surfaces, 

positive values indicate NTO gaining electrons.
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Fig. S9. (a) Z-axis and three-dimensional charge density difference of nfp-r-Fe(100) 

and (b) nfp-Fe(111). The blue isosurface suggests the decrease of electron density, and 

the yellow isosurface depicts the increase of electron density (0.0045 electrons/Å). 

Carbon, hydrogen, oxygen and nitrogen atoms are depicted as grey, white, red and blue, 

respectively.



13

Fig. S10. The various adsorption configurations of NTO on different copper surface, 

Cu(100), Cu(110) and Cu(111), respectively. Carbon, hydrogen, oxygen and nitrogen 

atoms are depicted as grey, white, red and blue, respectively. The first layer of Cu is 

shown in orange, the second and third layers of iron are shown in yellow and sky blue, 

respectively. The red letter indicates the configuration with the lowest adsorption 

energy.

To compare the adsorption behavior of NTO on commonly used metal copper (Fig. 

S10), three typical low-index crystal planes of copper were selected as substrates. 

Among them, the (100) and (111) facets are 4 layers, while the (110) facet is 6 layers, 

with half of the layers fixed in the calculation to simulate the bulk material. Fig. S10 

shows that NTO has the most stable adsorption configuration when it is adsorbed in 

parallel on the Cu(110) surface, where copper donates 0.98 |e| to NTO. However, the 

interaction of NTO with the Cu surface is not as strong as that of Fe, which can be 

attributed to that the electronic arrangement of the outermost layer 3d10 of Cu is less 

active than that of Fe 3d6. Moreover, the weaker the interaction of NTO on Cu surfaces 

is also observed in the differential charge density (Fig. S11(b)).
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Fig. S11. (a) Adsorption energy of NTO on different copper surface, (b) Charge density 

difference of the most stable adsorption of NTO on nfp-Cu(110). The blue isosurface 

suggests the decrease of electron density, and the yellow isosurface depicts the increase 

of electron density (0.0045 electrons/Å). Carbon, hydrogen, oxygen, nitrogen, and 

copper are depicted as grey, white, red, brown, and blue, respectively.
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Fig. S12. (a) Selected snapshot of adsorbed 1 ML H2O on Fe(110) after 20 ps, (b) O1-

H1 and O2-H1 pair trajectory within 7 ps simulation, (c) the free energy profile of H2O 

dissociation on Fe(110) (CV = rO1-H1 – rO2-H1). Snapshots of adsorbed water molecules 

on Fe(110) after a 20 ps AIMD simulation, (d) 0.25 ML, (e) 0.5 ML. (f) 1 ML, 

respectively. The formed *OH and H3O+ are indicated by dashed circles.
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Fig. S13. (a) Adsorption energy of NTO and NTO anion on (a, a1, a2) 0.25 ML, (b, b1) 

0.5 ML and (c, c1) 1 ML surface; (b) Bader charge of corresponding to NTO and NTO 

anion on different surfaces. Where a corresponds to Fig. 6(a), a1 corresponds to Fig. 

6(b), a2 corresponds to Fig. 6(e), b corresponds to Fig. 6(c), b1 corresponds to Fig. 

6(f), c corresponds to Fig. 6(d), and c1 corresponds to Fig. 6(g), respectively.
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Fig. S14. Selected snapshots of the AIMD trajectory for NTO anion adsorbed on 

Fe(110) in water at 330 K. (i) *C2HN4O2 + *O, (ii) *C2H2N4O2 + *O, (iii) *C2H2N4O2 

+ *OH. The corresponding chemical structure is shown at the bottom of the picture. 

Some H2O molecules are hidden for view convenience.
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Fig. S15. Free energy profiles of the two reactions at 330 K: (a) *C2H4N4O → *CH2N2 

+ CO(NH2)2 (CV = – r1), (b) *CH2N2→ *NH3 + *CN (CV = – r1). The middle figure 

shows the final state of the enhanced sampling. Some H2O molecules are hidden for 

view convenience.



19

Table S1. The compositions of the mild steel

Elements C Cr Mn Ni P S Si Fe

wt.% 0.42-0.50 ≤0.25 0.50-0.80 ≤0.25 ≤0.035 ≤0.035 0.17-0.37 balance

Table S2. Selected properties of NTO and ATO [12]

Name Structure
Molecular 

weight
pKa Sw (mg/L) Log Kow

NTO 130.06 3.76 [13] 16642 [14] 0.21 [15]

ATO 100.08 9.17-17.07 [12] 11000 [12] N/A

N.A. (not applicable); N/A (not available); pKa (acid dissociation constant); Sw (water 

solubility); Kow (octanol-water partition coefficient)
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