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S1. Density functional theory calculations

All ground-state electronic calculations were performed by Perdew-Burke-Ernzerhof (PBE) 
generalized gradient approximation (GGA) exchange-correlation implemented in the Vienna 
ab Initio Simulation Package (VASP).[S1-S3] The calculations use the projector augmented wave 
(PAW) method and valence configurations include the H (1s1), O (2s22p4), N (2s22p3) and V 
(3p63d44s1) states.[S4,S5] Electronic structure was described within a plane-wave basis with a 
kinetic energy cut-off of 400 eV. For thermodynamic calculations such as lattice parameters 
and total energy, we employed the DFT+U formalism of Anisimov et al. to account for strong 
on-site Coulombic interactions of the V 3d-electrons, with a specific on-site potential of U = 
3.25 eV.[S6] Apart from that, electron spin-polarization is considered for all thermodynamic and 
electronic structure calculation, which is necessary for open-shell system. The lattice constants 
and atomic positions were both fully relaxed until a maximum energy difference and residual 
force on atoms converge were reached at 104 eV and 0.1 eV/Å, respectively. The Brillouin 
zone was sampled with 2×4×1. The DFT-D3 correction method was considered for van der 
Waals interactions and climbing-image nudged elastic band (CI-NEB) method was used to 
describe barrier of H2O dissociation on mVOx (V2O5 with oxygen vacancy) surface.[S7,S8] The 
free energy profile for electrochemical reduction of N2 to NH3 on mVOx surface was computed 
from:

∆𝐺 = ∆𝐸 + ∆𝐸𝑍𝑃𝐸 ‒ 𝑇∆𝑆

Where , , and  are the total energy difference, zero-point energy difference and ∆𝐸 ∆𝐸𝑍𝑃𝐸 𝑇∆𝑆
the entropy difference between the adsorbed state and the gas phase, respectively. The total 
energy difference could be obtained from standard DFT calculations. The zero-point energy 
and the entropy can be obtained from vibrational frequencies derived from Hessians calculated 
from analytic gradients on adsorbates on V2O5 surface. The entropies and vibrational 
frequencies of molecules in the gas phase are taken from the NIST database. 
[http://cccbdb.nist.gov/]

S2. Turnover frequency estimation

To cross check our experimental results with theoretical predictions, we estimate turnover 
frequency (TOF) value from experiment and compare with the theoretical value. The specific 
capacitance is used to obtain electrochemical active surface area (ECSA). The specific 
capacitance for VOx based electrode is about 1.636 mF cm−2 and the specific capacitance for a 
flat surface is generally found to be about 20~60 F cm−2. Additionally, a Correction Factor 
(CF) is taken into consideration when using carbon cloth as substrate, and S denotes the 
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electrode area. Based on this value, we can estimate the ECSA of VOx based electrode as 
following:

𝐸𝐶𝑆𝐴𝑉𝑂𝑥
=

1.636 𝑚𝐹 𝑐𝑚2

20 𝜇𝐹 𝑐𝑚 ‒ 2 
× 𝑆 × 𝐶𝐹 = 81.8 × 𝑆 × 𝐶𝐹 𝑐𝑚2 

The total number of NH3 turnover rate ( ) at a given current (i) is calculated by:
𝑋𝑁𝐻3

𝑋𝑁𝐻3

= (|𝑖| 𝑚𝐴)( 1𝐶 𝑠 ‒ 1

1000𝑚𝐴)(1 𝑚𝑜𝑙 𝑒 ‒ 1

96485.3 𝐶)(1 𝑚𝑜𝑙 𝑁𝐻3

3 𝑚𝑜𝑙 𝑒 ‒ )(6.022 × 1023 𝑁𝐻3 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠   

1 𝑚𝑜𝑙 𝑁𝐻3 ) = |𝑖|

× 2.08 × 1015
𝑁𝐻3 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑆 

Since the O vacancy is considered as the active sites for the enhanced NRR performance, the 
active sites per surface area can be estimated by:

𝑋𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 = (
0.96 𝑂𝑣𝑎𝑐/𝑢𝑛𝑖𝑡𝑐𝑒𝑙𝑙 

952.22 Å3/𝑢𝑛𝑖𝑡𝑐𝑒𝑙𝑙
)2/3 = 1.0 × 1014 𝑂𝑣𝑎𝑐 𝑐𝑚 ‒ 2

Among them, 0.96 is the estimated number of O vacancies per unit-cell based on the XPS 
analysis (the ratio of V4+/V5+ is 0.12) and the volume of the unit-cell is 952.22 Å3. For TOF of 
NH3 yield can be calculated by:

𝑇𝑂𝐹 =
2.08 × 1015

𝑁𝐻3

𝑆 
× |𝑗|

1.0 × 1014𝑎𝑡𝑜𝑚𝑠 𝑐𝑚 ‒ 2 × 81.8 × 𝐶𝐹 𝑐𝑚2

Where |j| denotes the NH3 Faradaic current density contributed from oxygen vacancies 
(|j|=|i|/S). 

In theory, TOF can be estimated from DFT calculations by:

𝑟 = 𝜈𝑒𝑥𝑝⁡( ‒ (𝐸𝑎𝑐𝑡 + 𝑒𝑈)/𝑘𝐵𝑇)

The  is the activation barrier for the rate limiting process, which is equal to 1.70 eV. It is 𝐸𝑎𝑐𝑡

reasonable to believe that there is 0.3 eV uncertainty for DFT calculations. If we use a typical 
pre-factor  on the order 1013,[S9] an activation barrier  of 1.70 eV, and a potential around -𝜈 𝐸𝑎𝑐𝑡

0.35 V vs reversible hydrogen electrode (RHE) as reported in the experiment, a turnover rate 
is found to be as high as ∼10−4 s−1 which is close to the experiment result of  ∼10−3- 10−4 s−1.    



S3. Supporting figures

Fig. S1 SEM images of a) V2O5 nanosheet and b) mVOx-rGO composite.



Fig. S2 XPS spectra of V2O5 from a) overview, b) V 2p, c) O1s and mVOx from d) overview, 
e) O1s. f) Atomic concentrations of V2O5 and mVOx by XPS.



Fig. S3 The fitted EIS spectra of a) carbon cloth, b) V2O5-rGO electrode and c) mVOx-rGO 
electrode at open circuit condition.



Fig. S4 Cyclic voltammetry curves of a) carbon cloth, b) V2O5-rGO electrode and c) mVOx-
rGO electrode. 



Fig. S5 Ammonia yield and Faradaic efficiency of mVOx-rGO and V2O5-rGO at a similar 
current density of ~ -0.25 mA cm-2.



Fig. S6 a) XRD pattern and b) SEM micrograph of NiO nanosheets.



Fig. S7 Time-dependent a) chronoamperometry curves and b) ammonia yields for mVOx-rGO. 



Fig. S8 EIS of mVOx-rGO electrode before and after 2 h NRR test.



Fig. S9 LSV of mVOx-rGO electrode in N2 and Ar saturated 0.1 M Na2SO4 electrolyte.

As shown in Fig. S9, the slight difference in LSV curves may come from NRR contribution of 
mVOx-rGO.



Fig. S10 Calibration of standard NH4
+ solution detected by the ammonia ion selective 

electrode.



Fig. S11 The optimized structure for a) V2O5, b) H2O adsorption on V2O5, c) N2 adsorption on 
V2O5, d) mVOx = V2O5 with oxygen vacancy, e) H2O adsorption on mVOx and f) N2 adsorption 
on mVOx. Color code: pink white, H; blue, N; red, O; green, V.



Fig. S12 The optimized structure for a) (010) surface of V2O5 and b) N2 adsorption on (010) 
surface of V2O5. Color code: blue, N; red, O; green, V.



Fig. S13 The density of states for a) V2O5, b) V2O5+N2, c) mVOx (V2O5 with Ovac) and d) N2 
adsorption on mVOx (V2O5 with Ovac). e) The structure of key intermediate of PDS. f) The 
deformation charge density of *NNH, yellow and blue represent charge accumulation and loss, 
respectively.

It should be noted that the DOS of V2O5 is not affected by the N2 adsorption comparing Fig. 
S13a and S13b, which indicates that the there is no interaction between N2 and pure V2O5. 
However, for the V2O5 with Ovac, the orbital of V is changed at about -5.5 eV with the 
adsorption of N2. The coupled orbital between N and V indicates the N2 will adsorbed on the 
V site in V2O5 with Ovac. For the key intermediate of PDS, the deformation charge density of 
*NNH indicates that the H adsorption will loss the localized bonding electron between N atoms 
in N2. The electron depletion will weak the bond of N2, which is benefit for the following NRR.



Fig. S14 The calculated energy barrier for H2O dissociation on mVOx.

We consider the water adsorption on the V site as the initial sate (IS). The H2O will dissociate 
to the OH- and H+. The OH- will locate on the Ovac site and H+ will adsorbed on the nearby O 
atom, which eventually obtained the final state (FS) as shown in Fig. S14. The dissociation 
energy barrier is 0.54 eV.



Fig. S15 The optimized structure for (a) graphene, (b) H2O adsorbed on graphene, (c) N2 
adsorbed on graphene

The adsorption energy of H2O on graphene is negative (-0.16 eV), which indicates that the H2O 
adsorption on graphene is energy favorable. On the contrary, the adsorption energy of H2O on 
graphene is very positive (+0.45 eV), which indicates that the N2 adsorption on graphene is 
energy unfavorable.



S4. Supporting tables

Table S1 Ammonia content contributed to the anode electrolyte, cathode electrolyte and 
trapped Nafion membrane respectively at each applied potential by mVOx-rGO electrode for 2 
h of NRR.

The NH3 content in cathode electrolyte (working electrode side) is always higher than that in 
anode electrolyte (counter electrode side) since the produced NH3 can pass through the Nafion 
membrane, and the result is in consistent with Reference [S16].



Table S2 Comparison of NRR performance of various V-containing electrocatalysts.



Table S3 Comparison of the NRR electrocatalytic activity of different catalysts at neutral pH 
condition.
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