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Abstract 

Carbon-based electrocatalysts for nitrogen fixation under ambient conditions has attracted 

tremendous attention but still encounter great challenges of low Faradic efficiency (FE) and a 

sluggish kinetics. Inspired by intrinsic defects (vacancies, edges and dislocation) on graphene 

showing activity towards oxygen reduction reaction (ORR) and nitrogen reduction reaction 

(NRR), here, two commonly exposed surfaces of diamond carbon, i.e., C(111) & C(110), were 

calculated for electrocatalytic nitrogen reduction reaction (eNRR) by the density functional 

theory (DFT) method, and calculations show that, compared with C(110), C(111) could be 

highly promising towards eNRR with a low over-potential (η) of 0.57 V (ΔGmax = 0.73 eV, η = 

0.57 V), which are distinctly less than that (ΔGmax = 1.08 eV, η = 0.92 V) of flat benchmark 

Ru(0001) catalysts. Importantly, these two surfaces are shown to exhibit the suppression of 

hydrogen evolution reaction (HER). This work is the first reported indication that the low-

coordinated carbons (LCCs) on sp
3
-hybridized diamond-carbon framework are active for eNRR, 

which gives a brand-new direction of designing/synthesizing sp
3
-configured diamond-carbon-

composited catalysts for eNRR. 

1. Introduction 

    The nitrogen circulation, as one of the most important circles on Earth, exerts great impact on 

human beings and other organisms [1]. In air, dinitrogen gas accounts for 78.1% of air 

composition [2], however, the huge utilization of elemental nitrogen from air, i.e. nitrogen 

fixation, is not easy. Naturally, some microorganisms can convert N2 to ammonia using 

nitrogenases [3]; some N-containing compounds can also be formed in electrical storms [1, 4], 

which can be used by plants. But these two routes for nitrogen fixation are not enough for 

meeting the demands of social development. Currently, artificial nitrogen fixation heavily relies 
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on the Haber-Bosch (H-B) process, which occurs under high temperature and pressure with the 

massive consumption of global energy and significant emission of greenhouse gases [5]. Facing 

the world growing energy crisis and changes in global climate, searching for a sustainable 

substitution for the transitional H-B process is highly desirable. 

    Electrochemical nitrogen fixation has been regarded as the most promising route for the 

synthesis of ammonia in that it can convert N2 and water into ammonia on active sites of 

electrocatalysts using renewable electricity, such as from wind and solar sources, without the 

added release of CO2 in coal-fired power stations [6, 7]. However, the performance of 

electrocatalysts to date is still far from pragmatic industrial applications due to the large 

challenges of low FE and production rate of ammonia; areas which have already attracted 

tremendous attention from scientists [8-16]. 

    Defect engineering has been adopted in recent years as a universal strategy to tailor catalyst 

materials for specific and demanding reactions [17-22]. Moreover, reviewing defect 

electrocatalytic mechanisms further deepens the understanding of the defect mechanism concept 

- staring from the common concept of heteroatom doping to a new concept of topological defects 

and then facilitates the subsequent rational design of advanced electrocatalysts [20]. Of special 

interest are the intrinsic defects on the edge of graphene or basal plane holes that are active for 

oxygen reduction, evidenced by the subtle measurement device of a micro-electrochemical 

testing system, which, for the first time, suggests that LCCs are active due to the different charge 

distribution of the basal-plane hole or edge with that of the basal plane [23]. More recently, 

intrinsic defects (vacancies and dislocation) within LCCs on graphene were investigated to show 

promising activity towards eNRR [24]. Inspired by those works, designing electrocatalysts 
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intentionally with such defects/active sites in the low-coordination environment should be highly 

effective. 

    Carbon-based electrocatalysts have been intensively investigated for electrochemical nitrogen 

reduction due to their catalytic potentials, stabilities and abundant storages on Earth compared 

with metal-based ones [25-31]. For example, the pioneering work of B-doped graphene for 

electrocatalytic nitrogen reduction reaction (eNRR) by Yu et al. [30] demonstrated an efficient 

metal-free carbon-based electrocatalyst for NRR; Liu et al. [31] reported a N-doped porous 

carbon with the pyrrolic and pyridinic N as active sites for the cleavage of N≡N; Moreover, 

graphyne-based electrocatalysts have increasingly drawn attention for designing effective eNRR 

catalysts due to unique physical properties and large surface area [28, 32-35]. To now, large 

efforts have been already devoted into designing various efficient, robust and cost-effective 

carbon-based electrocatalysts for NRR, but are mainly limited to sp-/sp
2
-hybridized carbon-

based materials - the sp
3
-hybridized carbon materials are rarely reported. Recently, Wanninayake 

et al. [36] demonstrated the effect of the carbon hybridization structure (sp
2
/sp

3
 carbon) on the 

electrochemical CO2 reduction, experimentally and theoretically, which suggested the vital role 

of the host carbon-structure. Herein, two commonly exposed surfaces of C(111) and C(110) of 

diamond carbon with the sp
3
-hybridized configuration for the first time were tested for eNRR by 

DFT, which are highly expected to show the reactivity due to LCC sites caused by dangling 

bonds on surface, based on the before-mentioned discussion.  The theoretical results evidence 

that the LCC surface of sp
3
-configurated diamond carbon can act as an effective metal-free 

electrocatalyst for eNRR with the maximum free-energy change of 0.73 eV along the associative 

distal pathway on C(111). We show that diamond carbon electrocatalysts display their 

advantages of suppressing the competing side reaction of HER, which was also observed in 
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boron-doped diamond carbon (BDD) electrodes for the electrocatalytic CO2 reduction [37-39]. In 

addition, diamond carbon is favourably endowed with outstanding physical and chemical 

properties, such as high electron and hole mobilities [40], chemical stability and wide 

electrochemical potential window [41], making it a suitable material for pragmatic 

electrocatalysis applications. This research demonstrates the effect of LCCs, which can be from 

intrinsic and extrinsic defects on carbon-based materials, on dinitrogen reduction, and boost a 

brand-new direction of designing diamond carbon-composited NRR electrocatalysts.  

2. Computational Details 

    Spin-polarized calculations were performed on (111) and (110) surfaces of (√  √ ) and 

( √  √ ) supercells (catalysts models are shown in Fig. 1) of diamond carbon, with lattice 

parameters of a = b = 8.75 Å, α = β = 90 °, γ = 60 °, and a = b = 8.75 Å, α = β = 90 °, γ = 70.5°, 

respectively, using DMol
3
 code available in the Materials Studio package [42, 43]. The thickness 

of vacuum is set to 20 Å to avoid possible interaction in the z-direction. The two surface models 

investigated all have five layers, with the bottom two fixed during geometry optimization. 

Revised Perdew-Burke-Ernzerhof exchange-correlation functional [44] of the generalized 

gradient approximation was used to describe the interaction amongst electrons. Effective core 

potentials [45, 46] was chosen as the pseudopotential, and double numerical basis sets with 

polarization functions (DNP) was adopted as the atomic orbital basis set. A k-point set of 3×3×1 

was used to sample the Brillouin zone for geometry optimization, and the real-space global 

cutoff radius set to 5.2 Å. Each geometry optimization was performed until the maximum force 

was below 0.002 Ha/Å, energy tolerance below 10
-5

 Ha, and maximum displacement below 

0.005 Å. The Gibbs free-energy change (ΔG) of each elementary step at 298.15 K for eNRR was 
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performed based on the standard hydrogen electrode (SHE) [47-49], where the free-energy of 

H
+
/e

-
 pair equals half of that of a hydrogen molecule, as follows: 

ΔG = ΔEDFT + ΔEZPE - TΔS + ΔGU + ΔGpH 

where ΔEDFT is the DFT electron energy difference after structural convergence, ΔEZPE and ΔS 

are changes of the zero-point energy and entropy, respectively. Here. Free-energy correction is 

based on the ZPE of reaction intermediates, obtained from the frequency analyses (see Table S2 

and S3). As for the entropies of intermediates, their contributions are negligible compared to the 

free gas molecules and thus TS of reaction intermediates is equal to zero. ΔGU is the contribution 

from applied electrode potential U. ΔGpH is the free-energy correction of H
+
 by the concentration 

with the equation of ΔGpH = 2.303 × kBT × pH, where kB is the Boltzmann constant and the pH is 

set as zero (strong acidic environment). The limiting potential (UL) of the whole process of 

eNRR is obtained according to UL = -Max(ΔGi)/e, and the corresponding over-potential (η) is 

defined as: η = Ue (-0.16 V) - UL, with Ue representing the equilibrium potential of NRR (N2 + 

6H
+
 + 6e

-
 → 2NH3) vs. Standard Hydrogen Electrode (SHE). For obtaining details regarding to 

the interaction between dinitrogen and the catalyst, electron density difference and projected 

density of states (PDOS), Hirshfeld and Mulliken charge analyses of the intermediate 
*
NN were 

performed in the CASTEP code. 
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Fig. 1. Surface models of diamond carbon: (a) and (c) are the side views; (b) and (d) are the top 

views. 

3. Results and Discussion 

3.1. Nitrogen chemisorption on C(111) and C(110) 

    Nitrogen capture and activation plays a critical role in the eNRR process [50], which can 

directly affect subsequent hydrogenation of the N≡N bond and thus determine the activity of 

catalysts. Fig. 2 displays three adsorption configurations of dinitrogen on C(111) and C(110) and 

corresponding N-N bond length after adsorption. For more clarity on N2 adsorption 

configurations, the bare surfaces and corresponding structures are displayed in Fig. S1. 

According to the adsorption energy (Eads) equation: Eads = EN2/slab – Eslab – EN2, where EN2/slab, 

Eslab and EN2 represent the total electron energy of the whole composite system after adsorption, 

the slab model and a free N2 molecule, respectively, Eads of dinitrogen on C(111) and C(110) 

were calculated. In Fig. 2, it can be seen that N≡N bond was elongated in the tilt end-on way 

from the initial 1.11 Å of a free N2 molecule to average 1.25 Å of *NN, suggesting the N≡N 

bond is well-activated. The adsorption energy calculations suggest that the N2 adsorption on 

C(111), as shown in Fig. 2(a), can be readily realized with Eads = -0.14 eV, while Eads on C(110) 

are positive, i.e. 1.72 and 0.47 eV, respectively, for Fig. 2(b) and 2(c), respectively, indicating 

the extra energy input is needed to stabilize N2 adsorption. Note that due to the high density of 

active sites on C(111) and C(110), the N2 molecule prefers to be captured in the tilt end-on way 

energetically after geometry optimizations. 
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Fig. 2. Adsorption models of dinitrogen on C(111) and C(110). Fig. (a)-(c) display the side 

views and Fig. (d)-(f) display the top views. N-N bond lengths are shown in blue in the unit of Å. 

C and N are shown as grey and blue spheres, respectively. 

    Fig. 3 displays the corresponding changes of electron density after N2 adsorption on C(111) 

and C(110). In its entirety, there exists strong electron interactions/transfer between N2 and 

catalysts. More specifically, the electron density between two nitrogen adatoms decreases upon 

the adsorption of N2, suggesting the N≡N bond is weakened, which is also supported by the 

elongation of the N≡N bond shown in Fig. 2. Meanwhile, Mulliken and Hirshfeld charge 

analyses [51] (see Table S1) both quantitatively show adsorbed *NN species possess the 

negative charges, which would be transferred to the anti-bonding orbital 1π* of N2 and thus 

activate the stable N≡N bond due to the electron back-donation effect [52, 53]. 
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Fig. 3. Diagram of electron density difference of adsorbed N2 on C(111) and C(110). The red 

and green regions represent the electron accumulation and loss, respectively (Isosurface = 0.05 

a.u.). 

In order to investigate the origin of existing interactions between dinitrogen and these two 

catalytic C(111) and C(110) surfaces, the PDOS of  active carbon atoms bonded directly to N 

adatoms (detailed indication in Fig. S2)  and adsorbed dinitrogen were calculated and displayed 

in Fig. 4. The overlap area between the PDOS of the active carbon and that of *NN from the 

range of -5 to 0 eV is noted, which suggests the strong interaction between dinitrogen and 

catalytic surfaces exists [54]. These results agree well with the electron transfer from the electron 

density difference of adsorbed *NN (see Fig. 3). Moreover, it is also noticeable that, compared 

with the highest peak position of active carbon atoms in the energy range of -2.5 to 0 eV shown 

in Fig. 4(c), the highest peak of active carbon atoms in the same energy range shown in Fig. 4(b) 

moves towards the energy-negative direction. Generally, a lower peak position indicates the anti-

bonding states are with a higher occupancy, thus resulting in the increase of a system energy and 

then low affinity to adsorbates [29, 55]. Therefore, these two PDOS profiles in Fig. 4(b) and 4(c) 

well explain the big difference on N2 adsorption energies on C(110), and N2 will prefer to react 
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with C(110) surface through the latter model energetically (shown in Fig. 2(c) (side view) and 

2(f) (top view)) compared with the former model (shown in Fig. 2(b) (side view) and 2(e) (top 

view)), although the reaction still needs extra acceptable energy input. In addition, the PDOS of 

active carbon atoms and N atoms were also projected on the s- and p-orbital of elements, as 

shown in Fig. S3 and S4, from which we can know the interaction between dinitrogen and the 

catalytic surface mainly originates from the p-p orbital-coupling, different from the d-p orbital 

interaction on metal-based electrocatalysts. 

 

Fig. 4. PDOS of the C atoms directly bonded to N2 and adsorbed *NN on C(111) (a) and C(110) 

(b, c), as displayed in Fig. 2 (a), 2(b) and 2(c), respectively. The presentation of active C atoms 

that directly bonded to N2 is shown in Fig. S2, in detail. 

3.2. NRR on diamond carbon 
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    According to previous reports, there exist three different reaction pathways for eNRR, i.e., 

distal, alternating and enzymatic mechanisms [56]. Enzymatic mechanism usually occurs when 

dinitrogen adsorbs on the active site through the side-on model, then six pairs of H
+
/e

-
 

alternatively attack the N adatoms, finally forming two NH3 molecules released from the active 

site. 

 

Fig. 5. Schematic illustration of distal and alternating pathways for nitrogen reduction reaction 

on electrocatalysts. 

    In our interpretation, only the distal and alternating reaction pathways, as shown in Fig. 5, are 

taken into account considering the tilt end-on adsorption models of dinitrogen on C(111) and 

C(110). For the distal pathway, the H
+
/e

-
 first attacks the distal N atom of absorbed *NN till the 

formation of first NH3, then leaving *N species for the subsequent reduction into the second NH3, 

and finally the recovered active site will be involved in the next dinitrogen reduction cycle; while 

for alternating one, the difference with the distal pathway is the alternating hydrogenation 

starting from the step *NNH + H
+
 + e

-
 → *NHNH. 
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Fig. 6. Electrocatalytic NRR pathways on (a) C(111) and (b) C(110). The evolution of N-N bond 

length is shown through blue labels in the unit of Å. 

    In Fig. 6(a), the reaction intermediates on C(111) along the reaction pathway is shown starting 

from the N2 adsorption. However, on C(110), dinitrogen could have two adsorption models on 

C(110) based on before-mentioned discussion on N2 capture and activation, but the latter 

adsorption configuration model, as shown in Fig, 2(c), is more likely to occur due to the more 

energetically favourable adsorption energy in comparison with that of the former one (Fig. 2(b)). 

Therefore, the latter is regarded as the starting point for eNRR. In Fig. 6(b) could be seen the 

whole eNRR pathways, including distal and alternating ones, on C(110). Their corresponding 

free-energy evolution diagrams are shown in Fig. 7. Usually, the *NN + H
+
 + e

-
 → *NNH (first 
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hydrogenation) step is of significantly crucial on the grounds that the first hydrogenation is often 

a potential-determining step according to previous reports [10, 57, 58]. However, in Fig. 7, we 

can see the free-energy change of the first hydrogenation step on C(111) is very small, just 0.17 

eV, and even negative on C(110), showing the N≡N bond is well-activated on these two catalytic 

surfaces, as evidenced by the largely elongated N-N bond length of absorbed *NN in Fig. 2.  

With the successive attack of H
+
/e

-
 pairs, the N-N length evolution of *NxHy species is shown in 

Fig. 6 till the release of the first NH3 formed on C(111) and C(110). In Fig. 6, it is seen that the 

N-N length is gradually increased except the diazene step of *NHNH + H
+
 + e

-
 → *NHNH2 on 

C(111), representing the increasingly weakened interaction between two N adatoms during 

eNRR. This increasingly weakened interaction on the N-N bond is very beneficial to eNRR by 

proton-coupled electron transfer (PCET), because it can avoid resulting in the step with an 

extremely large limiting potential. In Fig. 7, we can see the free-energy evolution of eNRR on 

C(111) and C(110) along the reaction coordination. The step with the maximum free-energy 

change is regarded as a potential-determining step during eNRR. To be specific, the maximum 

free-energy change through distal pathway is 0.73 eV from the step of *NNH2 + H
+
 + e

-
 → *N + 

NH3 on C(111), while the maximum free-energy change through alternating pathway is  0.78 eV 

of *NHNH + H
+
 + e

-
 → *NHNH2 step, which suggests eNRR would prefer the associative distal 

pathway on C(111). On C(110), on the other hand, the maximum free-energy change along 

distal/alternating pathway is from the capture and activation of N2 with the value of 1.09 eV. 

Compared with C(111), the maximum free-energy change on C(110) is 49.3% higher than 0.73 

eV (distal pathway), indicating that C(111) will be the better catalytic surface for eNRR under 

ambient conditions with η = (-0.16 V) - (-0.73 V) = 0.57 V. Nonetheless, the free-energy change 

of eNRR on C(110) is also acceptable compared with some early transition metal surfaces 
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(ΔGmax = 1.00 ~ 1.50 eV) [58] and experimentally reported NRR electrocatalysts [34, 59], and 

also very close to the case of flat Ru(0001) benchmark catalysts (ΔGmax = 1.08 eV) [60]. To 

obtain more convincing comparisons, the calculation should try to be based on the same method. 

The recent predicted single-atom N-doped graphene-supported catalysts [61] like Ti@N4 (UL = -

0.69 V, η = 0.53 V) and V@N4 (UL = -0.87 V, η = 0.71 V) with the same RPBE exchange-

correlation functional show comparable results with that on C(111) of diamond carbon (UL = -

0.73 V, η = 0.57 V), therefore suggesting the LCCs surface of diamond carbon could be 

promising for eNRR. 

 

Fig. 7. (a) and (b) Energy profiles of distal and alternating pathway on C(111), respectively; (c) 

and (d) Energy profiles of distal and alternating pathway on C(110), respectively. The energy 
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values are marked in red circles for potentially rate-determining elementary steps of distal and 

alternating reaction pathways on C(111) and C(110). 

3.3. Hydrogen evolution reaction 

In the environment of an electrochemical solution, the proton from water can be adsorbed on 

the electrode under the same region of negative voltage to form hydrogen gas during the eNRR 

process, consequently lowing the yield of ammonia and FE [9, 62]. Therefore, it is an important 

consideration to test the dominant side reaction (HER) during the process of electrocatalytic 

dinitrogen reduction. In Fig. 8, calculated HER free-energy profiles on C(111) and C(110) in 

acidic environment are shown with the free-energy changes of -1.86 and -1.28 eV, respectively. 

Obviously, the release of hydrogen adsorbed on surface is relatively difficult and then HER 

performance can be well-suppressed due to the larger free-energy than those of eNRR on C(111) 

and C(110). Therefore, a sluggish HER kinetics expected would lead to a satisfactory eNRR 

performance with a higher selectivity into NH3 synthesis on both two surfaces of diamond 

carbon when a negative bias is applied. 

 

Fig. 8. Energy profiles of HER on C(111) and C(110). 
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Additionally, according to the previous report [63], H-terminated surface of diamond carbon 

has the negative electron affinity (NEA), which means it can become a solid-state emitter of 

electrons when illuminated with ultraviolet lights. Moreover, Hamers et al. [64, 65] showed that 

the solvated electrons in water can initiate energy-intensive reactions as energetic reducing 

agents. Therefore, based on working mechanism of metal-assisted NEA photoemission [66] in 

which excited metals inject electrons into the conduction band of diamond, it is expected that 

solvated electron in water can be more efficiently induced under the negative bias through 

electron transfer from the metal substrate to the diamond film when illuminated with ultraviolet 

lights. As depositing catalysts onto conductive substrates is a common strategy to enhance 

electrochemical reactions and the maximum free-energy change of the alternating pathway on 

C(111) is lower than that on C(110), C(111) surface would be highly promising to dinitrogen 

reduction as a photoelectrocatalyst when some hydrogen atoms cover the catalytic surface in 

electrolyte. 

4. Conclusion 

    In summary, two commonly exposed C(111) and C(110) surfaces of sp
3
-hybridized diamond 

carbon were investigated for eNRR by DFT method, and calculation results indicate that the sp
3
-

configurated low-coordinated carbon is active for dinitrogen capture and reduction with 

moderate free-energy changes. Especially, together with the sluggish HER due to larger free-

energy changes for the release of absorbed hydrogen, the C(111) surface of diamond carbon is 

expected to be highly promising for eNRR under electrolysis. In detail, compared with C(110), 

the eNRR energetically prefers to occur on C(111) through the associative distal pathway with a 

low over-potential of just 0.57 V, which is obviously less than that of flat Ru(0001) benchmark 

(UL = -1.08 V, η = 0.92 V) and close to recently reported metal single-atom catalysts. Lastly, this 
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work would boost a new direction for designing diamond-carbon-composited NRR 

electrocatalysts. 
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Highlights: 

 The effect of low-coordinated sp
3
-hybridized diamond-carbon showing activity towards 

eNRR is first investigated through DFT calculations. 

 Two commonly exposed surface of diamond carbon, C(111) & C(110), are shown to be 

promising for dinitrogen reduction. 

 C(111) exhibits the best activity towards eNRR with a low over-potential of just 0.57 V 

through the associative distal pathway. 
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