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Abstract
The electrochemical nitrogen reduction reaction (NRR) is an attractive approach for sustainable ammonia production, which 
is anticipated as a potential carbon–neutral hydrogen carrier. However, compared to the competing HER, the NRR suffers 
from a major drawback of low selectivity and conversion efficiency due to the high negative potential driving the NRR. 
Therefore, developing optimal electrocatalysts that inhibit the HER and promote the NRR is crucial for electrochemical 
ammonia synthesis. In this study, we demonstrated that  TiNb2O7@C (TNO@C) microspheres with Wadsley-Roth crystal 
structure as efficient NRR electrocatalysts. The prepared TNO@C microspheres were calcined at controlled temperatures, 
and their electrochemical performances were investigated in different electrolytes. The cationic size effects and the pH of the 
electrolytes were analyzed to influence the NRR activity actively. The prepared TNO@C900 electrocatalyst exhibits high 
faradaic efficiency (13.11%) and ammonia yield (0.62 µmol  h−1  cm−2). The prepared TNO@C900 microspheres with Lewis 
acid sites of the Nb cations and the oxygen vacancy  (Vo) coupled Ti cations can effectively improve the NRR performances 
of TNO@C electrocatalysts. Further, the in situ and theoretical analysis reveals the associative NRR pathway, and the purity 
and source of produced ammonia were carefully verified. This work elucidates that a controlled surface and morphology engi-
neering strategy with appropriate NRR active elements can significantly increase the faradaic efficiency and ammonia yield.
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1 Introduction

Modernized technical society has been obliged to adopt a 
renewable energy-based civilization, where green hydro-
gen is recognized as the essential eco-friendly approach. 
However, the use of ammonia as a hydrogen carrier for 
long-term hydrogen storage, which has been unsolved for 
decades, is recognized as a promising solution. Ammonia 
has a high energy density (5.52 kWh  kg−1) and gravimetric 
hydrogen content (17.6 wt%) and can be stored in liquid 
form by compression to approximately 0.9 MPa at ambi-
ent temperature [1]. Thus, ammonia has begun to receive 
international attention as a subject of discussion for energy 
storage and conversion to power the hydrogen economy. 
Industrially, the conversion of  N2 to  NH3 is carried out via 
the Haber–Bosch (HB) process at high temperatures and 
pressures (300–550 °C/150–250 atm), which consumes 
an enormous amount of energy, about 1.4% of the total 
energy used by mankind [2–4]. Therefore, developing an 
efficient and sustainable strategy to activate and convert 
abundant  N2 to ammonia under ambient conditions via 
electrochemical NRR is a potential solution to current 
clean energy development challenges [5].

The electrochemical NRR method requires water as a 
proton source to remove natural gas as in the HB process 
and proposes an eco-friendly and cost-effective approach 
for ammonia synthesis using renewable electricity. Despite 
its notable advantages, NRR is kinetically sluggish as it 
requires an energy of about 941 kJ  mol−1 to dissociate  N2 
due to its strong triple bond [6]. Currently, transition metal 
catalysts are generally effective for activating linear gas 
molecules, such as  N2 [7–9]. Therefore, electrocatalysts 
are appropriately designed with transition metals to selec-
tively activate  N2 molecules by utilizing the lone electron 
pairs in the molecule that exhibit Lewis basic properties.

The electrocatalysts can be fabricated with metallic or 
non-metallic candidates imposing a Lewis acidic character 
to uptake the  N2 molecule. Several important candidates 
include early transition metals and main group elements, 
which impose Lewis acidic nature to selectively activate 
the triple bonds of  N2 facilitating NRR. Notably, Ti, V, 
Nb, and Mo of the early transition metals-based electro-
catalysts were crucially analyzed for effective NRR per-
formances (Table S1). The early transition metal-based 
electrocatalyst not only enhances  N2 adsorption but also 
suppresses the kinetically favorable hydrogen evolution 
due to the abundant presence of protons in aqueous elec-
trolyte. However, achieving a high yield of  NH3 and effi-
ciency via electrocatalytic NRR is challenging because it 
requires the high catalytic activity of an electrocatalyst to 
effectively activate the stable triple bond of  N2 and inhibit 
the competitive hydrogen evolution reaction (HER) [1]. To 

overcome the efficiency problem, optimal electrocatalysts 
are desired to enable enhanced NRR activity and selectiv-
ity. Additionally, suppressing HER by choosing various 
electrolytes has a huge impact by kinetically affecting the 
proton availability over the electrocatalyst surface. The pH 
of the electrolytes and the cation effects with diversified 
hydration shells impose kinetic effects on the NRR perfor-
mance of the electrocatalyst [2]. Hence, a higher ammonia 
yield and FE can be achieved by choosing the appropriate 
electrolytes. According to the acceptance-donation mech-
anism, the unoccupied d-orbitals of the transition metal 
atoms will accept an electron from the  N2 orbitals. They 
will donate a d-electron to the anti-bonding orbitals of  N2. 
Finally, this electron transfer weakens the N≡N bond and 
activates  N2 for the further reduction process. However, 
transition metal-based catalysts still face challenges such 
as low selectivity, low Faraday efficiency (FE), and inef-
ficient productivity [3–5].

Notably, early transition metal, Nb-based materials are 
cautiously explored as promising electrocatalysts to achieve 
high ammonia yield and higher selectivity towards NRR [6]. 
Reports on Nb-based electrocatalysts include the works on 
 Nb2O5 nanofibers [7],  NbO2 nanorods [8],  Nb2O5 nanow-
ire arrays [9],  Nb3O7(OH)/CFC [10],  NbSe2 nanosheets 
[11],  Nb2O5 nanochannel film [12], and  Nb2CTx MXene 
[13]. Niobium oxides as an electrocatalyst show a consist-
ent performance with a significant FE, which can be attrib-
uted to sufficient HER suppression in the electrocatalyst. 
Kong et al. [9] reported the  Nb2O5 nanowire arrays in an 
acidic environment, which provided an ammonia yield of 
about 1.58 ×  10−10 mol  s−1  cm−2 at an FE of about 2.26% 
[9]. However, a low yield and FE were experienced, which 
show higher HER from the electrocatalyst. Wang et al. [11] 
reported the  Nb2O5 nanochannel films as the NRR electro-
catalysts with a maximum ammonia yield and FE of about 
2.52 ×  10−10 mol  s−1  cm−2 and 9.81%, respectively, in neutral 
electrolytes. The superior activity of the electrocatalysts can 
be attributed to the rich oxygen vacancies in the electro-
catalysts but suffers from structural transformations. This 
adequately exposes the instability of the electrocatalyst. To 
account for the increased conductivity, Zhang et al. [13] 
reported the MXene-based  Nb2CTx which after exfoliation 
and etching formed layers of  Nb2O5/C. The  Nb2O5 NP on 
carbon sheets exhibited an ammonia yield and FE of about 
29.1 µg  h−1  cm−2 and 11.5%, respectively. One important 
drawback of the MXene nanosheets is the feasible degrada-
tion of the sheets in presence of water and oxygen [14].

Besides, Ti-based electrocatalysts are developed that 
deliver significant electrocatalytic activity for NRR. The 
oxidation states of Ti-based catalysts, oxygen vacancy 
engineering, and the efficient support activity of  TiO2 sup-
plement the NRR performance in diverse electrocatalysts. 
For instance, Li et al. [15] designed the  TiO2 catalyst by 
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tuning the oxidation states of Ti via a dual anion substitu-
tion strategy. The prepared NS-TiO2/C with N and S anions 
effectively regulated the oxidation states of Ti which boosts 
the NRR efficiency to about 25.49%. The substitutional and 
interstitial bonds of Ti-N and Ti-S in the anatase  TiO2 gener-
ate oxygen vacancies and highly active  Ti3+ species, which 
infer better electronic conductivity and efficient  N2 activa-
tion. Similarly, Wu et al. [16] designed the Cu-TiO2 elec-
trocatalyst where the mixed valent Cu atoms modulate the 
oxygen vacancy concentration and formation of  Ti3+ defect 
sites, which reveal highly efficient NRR performances. DFT 
studies for Cu-TiO2 revealed that with the formation of  Ti3+ 
states, multiple oxygen-vacant sites are created and lie below 
the Fermi level. Therefore, tuning the oxidation states of 
Ti and oxygen vacancy engineering in Ti-based catalysts 
enhances the NRR performance. Additionally, Ti oxides are 
also used as supports for various catalysts like Au/TiO2 [17], 
 TiO2/Ti3C2Tx [18], Pd/TiO2 [19], and Ru/TiO2 [20].

In order to achieve higher NRR catalytic performance 
by realizing a stable structure and improved electronic 
conductivity, we propose the Wadsley-Roth shear crystal-
lographic structure for the NRR applications. The Wadsley-
Roth crystal structure is a type of layered crystal structure, 
which consists of stacked layers of atoms or molecules. In 
this structure, the layers are made up of hexagonal rings 
of atoms arranged in a honeycomb pattern. These rings 
are connected by bridges of atoms that form channels or 
pores throughout the structure. The Wadsley-Roth crystal 
structure is widely used in materials science and engineer-
ing because of its unique properties, such as high surface 
area, tunable pore size, stability, selectivity, and versatility. 
The  TiNb2O7 (TNO) structures belong to the Wadsley-Roth 
family of crystal structures, which have been identified as 
important electrode materials for electrochemical applica-
tions [21–23]. The significance of the TNO structures in 
the electrochemical application is due to the presence of 
multiple redox couples and improved electron conductiv-
ity [21, 24–32]. The presence of multiple redox couples in 
TNO provides the necessary active sites for the  N2 reduction 
reaction. On considering the structural properties,  TiNb2O7 
exhibits a monoclinic C2/m phase with Ti and Nb cations 
present on the octahedral sites of a  ReO2-type shear crys-
tallographic structure [29–32]. Besides, the structures have 
been studied under various calcination temperatures, which 
show outstanding stability and porous structures [21]. Since 
oxygen vacancies can affect the properties of a material, 
such as electrical conductivity, magnetic properties, or cata-
lytic activity, the potential for redox activity can be further 
increased by imposing higher oxygen vacancies in the TNO 
crystal structure [25, 28, 33, 34]. In this work, we report the 
electrochemical NRR performances of the Wadsley-Roth 
crystal structures in  TiNb2O7@C (TNO@C) microspheres. 
The TNO@C microspheres were prepared by the facile 

hydrothermal procedure and calcined at various tempera-
tures to attain the optimum electrocatalyst. In addition, the 
calcined TNO@C electrocatalysts were studied for electro-
catalytic NRR under various electrolytes.

2  Experimental section

2.1  Materials

Titanium isopropoxide (TTIP), niobium chloride  (NbCl5), 
urea, oleic acid, polyvinylidene difluoride (PVDF), N-methyl 
2-pyrrolidine (NMP), and carbon black were purchased 
commercially. All the chemicals purchased were of analyti-
cal grade and used without further purification.

2.2  Synthesis of  TiNb2O7 microspheres

The  TiNb2O7 (TNO@C) electrocatalysts were prepared by 
the facile hydrothermal method, followed by calcination. A 
stoichiometric amount of TTIP,  NbCl5, and urea was dis-
solved into 20 mL of ethanol separately. Subsequently, the 
solution containing urea and  NbCl5 was added to the TTIP 
solution and stirred for 30 min. In order to achieve a uni-
form carbon coating on the  TiNb2O7 particles, oleic acid 
which acts as a carbon source and capping agent was added 
to the starting precursor solution. Then, the solution was 
transferred to the 80-mL Teflon-lined stainless steel auto-
clave container that was kept at 200 °C for 24 h. At the 
end of the process, the obtained white color powder was 
washed several times using distilled water and ethanol and 
dried at 80 °C for 12 h. Finally, the sample was calcinated at 
800 °C for 3 h under an Ar atmosphere to attain the crystal-
line  TiNb2O7@C microspheres. The prepared samples were 
denoted as TNO@C700, TNO@C800, and TNO@C900, 
relating to their experimental conditions, respectively.

2.3  Characterization of the materials

The crystal structure and phase formation of the samples 
were identified using powder X-ray diffraction (XRD) (Rint 
1000, Rigaku, Japan) with Cu Kα radiation (λ = 1.5418 Å). 
X-ray photoelectron spectroscopy (XPS) analysis 
(K-ALPHA + , Thermo scientific, USA) was performed to 
determine the oxidation states and analyze the chemical 
bonding between the surface elements. The morphologies 
of the samples were investigated through scanning electron 
microscopy (SEM) (JSM-7500F, JEOL, Japan) and trans-
mission electron microscopy (TEM) (JEM-2100F, JEOL, 
Japan). The energy-dispersive X-ray spectroscopy (EDX) 
for elemental mapping characterizations was investigated 
through high-resolution TEM (HRTEM).
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2.4  Calculation of the strain in TNO@C samples

The strain in the TNO@C samples was calculated using the 
William-Hall (W–H) method using the following equation 
(Eq. 1).

where β is the full-width at half maximum (FWHM) value cal-
culated from the XRD patterns, θ is the half of the diffraction 
angle of the corresponding diffraction peaks, k is the Scherrer 
constant (k = 0.94), λ is the wavelength of the incident X-rays, 
D is the interplanar spacing, and � is the slope of the equation 
resembling the strain in the sample. The W–H equation forms a 
straight line in the graph plotted for 4sinθ vs. βcosθ [35].

2.5  Fabrication of the electrode

The working electrode was prepared by brush-coating the 
homogeneous slurry of TNO@C on a precleaned carbon 
cloth substrate. The carbon cloth substrate was cut into a 
geometric area of 1 × 1  cm2 and was cleaned with diluted 
HCl solution (for the ratio of 1:4) for 5 min. After washing 
thoroughly with DI water to remove the residual acid solu-
tion, the substrates were dried. The homogeneous slurry 
was prepared by mixing the active material of TNO@C 
powder, carbon black, and PVDF in the ratio of 8:1:1 
using 0.2 mL of NMP. The obtained slurry was coated 
over the precleaned substrates using a paintbrush and dried 
overnight at 80 °C in a vacuum oven. The mass loading 
on the coated electrode was approximately ~ 1 mg  cm−2.

2.6  Electrochemical measurements

Electrochemical tests were performed in a three-electrode cell 
configuration with the VMP3-Biologic multi-channel potentio-
stat. Fifty milliliters of various electrolytes (0.1 M KOH, 0.1 M 
 Na2SO4, 0.1 M  LiClO4) was saturated with Ar or  N2 gas for 
30 min prior to the electrochemical measurements. Pt wire and 
the carbon cloth were used as the counter electrode and working 
electrode. Hg/HgO and saturated calomel electrode (SCE) were 
used as the reference electrode for alkaline (0.1 M KOH) and 
neutral (0.1 M  Na2SO4 and 0.1 M  LiClO4) electrolytes, respec-
tively. The observed reference electrode potential was converted 
to reversible hydrogen electrode (RHE) potential through the 
following equation (Eq. 2).

N2 gas was continuously fed into the electrochemical 
cell during the experiments. Chronoamperometry (CA) 

(1)�cos� =
k�

D
+ �(4sin�)

(2)E(RHE) = E(Obv.Ref .Potential) + E
o(Std.Ref .Potential) + 0.0591pH

measurements were taken at various potentials from − 0.35 
to 0 V vs. RHE for 2 h.

2.7  Determination of the produced ammonia

The produced  NH3 was spectrophotometrically determined 
using the salicylate method. After each electrochemical 
measurement, 5.0 mL of the sample solution was first taken 
from the electrolyte with the micropipette. Afterward, a 
fresh test solution (sodium salicylate, NaOH, sodium 
nitroferricyanide, and NaOCl) purchased from API Co. 
was added to the sampled electrolyte. After the electrolyte 
was allowed to stand at room temperature for 10 min, the 
absorption spectrum was recorded with a UV–vis spec-
trophotometer (P4300 Evolution 220 Spectrophotometer). 
The concentration of the sample was determined using the 
absorbance obtained at a wavelength around ~ 680 nm. The 
 NH3/NH4

+ concentration–calibration curve was constructed 
using standard  NH4OH solution through a series of ammonia 
concentrations ranging from 0 to 8 ppm, as shown in Fig. S1. 
The fitting curve (absorbance intensity = 0.12963 × ammonia 
concentration + 0.00706) shows a good linear relationship 
between the absorbance value and the  NH3 concentration.

2.8  Calculation of the yield rate of ammonia 
production and faradaic efficiency (FE)

The yield rate of ammonia production and faradaic efficiency 
are calculated using Eqs. 3 and 4, respectively.

where, rNH3
 is the yield rate of ammonia production (mol 

 h−1   cm−2),  [NH4
+] is the concentration of the produced 

ammonium ion (mol  L−1), V is the volume of the electrolyte 
solution (mL), t is the time of NRR electrolysis (hours), A 
is the overall electrode area  (cm2), J is the current density 
(mA  cm−2) at the corresponding applied potential, and F is 
the Faraday constant (96 485 C  mol−1).

2.9  Computational details

All electronic energies and forces were calculated with den-
sity functional theory (DFT) calculation using the Vienna 
Ab initio Simulation Package (VASP) with projector aug-
mented wave (PAW) method. The Perdew-Burke-Ernzerhof 
(PBE) functional with D3 dispersion correction was used to 
describe the electronic exchange and correlation. A 550 eV 
plane-wave kinetic energy cutoff was chosen. The Brillouin 

(3)

Ammonia yield rate, rNH3
(�mol h−1cm−2) =

[

NH+

4

]

× V

t × A

(4)Faradaic efficiency, FE (%) =
3F × rNH3

J
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zone was sampled with 3 × 3 × 1 based on the Gamma-cen-
tered scheme. Electron and geometry convergence thresh-
olds were set to  10−6 eV and 5 ×  10−2 eV/Å, respectively. 
The slab included a 15-Å-thick vacuum layer along with the 
z-direction. The top two layers of the slab and adsorbates 
were allowed to relax until the relaxation, whereas the bot-
tom two layers were fixed during the optimization process. 
The electronic structure was also studied with the inclusion 
of a Hubbard U correction (DFT + U). U values of 5.2 eV 
were applied to Ti and Nb. An exchange parameter, J, of 
1 eV was applied in both cases, and The Brillouin zone was 
sampled with 6 × 6 × 1.

The surface established for the  TiNb2O7 Slab model is 
(110), which was established through XRD and TEM analy-
sis. DFT calculations on (110) were performed to investigate 
the NRR mechanisms over TNO@C at U = 0 V and pH 7. 
The Gibbs free energy change was calculated at 298 K and 
1 atm, and the  (H+  +  e−) pair was considered to have half the 
chemical potential of  H2 at pH 0. To compare experiments 
and calculations, we investigated the NRR reaction at pH 
7, which was used in the experiments, and for each step, 
the Gibbs free energy change and adsorption energy were 
calculated as follows.

(5)

ΔG = ΔE + ΔZPE − TΔS − neU + ∫
T

0

CVdT − kB ln 10 × ph

Here, ΔE is the change of electronic energy, ΔS is the 
change of zero-point correction energy, T is absolute tem-
perature, ΔS is the change of entropy, n is the number of 
transferred electrons in each step, kB is the Boltzmann con-
stant, and CV is the heat capacity. ΔZPE , ∫ T

0
CVdT  , and ΔS 

can all be derived from the vibrational frequencies of the 
adsorbed species. For the adsorption energy (ΔEadsorption) 
calculation, Eslab+adsorbate is the total energy of the system 
after adsorption, Eslab is the total energy of the bare surface, 
and Eadsorbate is the total energy of adsorbate in the gas phase.

3  Results and discussion

3.1  Physicochemical characterization of TNO@C 
microspheres

The  TiNb2O7 (TNO@C) microspheres were synthesized by 
a facile surfactant-assisted hydrothermal method followed by 
calcination, as shown in Fig. 1a. The phase structures and 
crystallinity of the TNO@C samples were analyzed from 
the X-ray diffraction (XRD) studies [29, 32]. Figure 1b dis-
plays the XRD patterns of the as-prepared TNO, TNO@
C700, TNO@C800, and TNO@C900 samples with varying 
calcination temperatures. The pre-dominant peaks observed 

(6)ΔEadsorption = Eslab+adsorbate −
(

Eslab + Eadsorbate

)

Fig. 1  a Schematic representa-
tion of the synthesis route of 
TNO@C electrocatalyst. b 
XRD patterns of the prepared 
TNO@C electrocatalysts under 
various calcination temperatures 
from 700 to 900 °C. c William-
Hall (W–H) plot of TNO@C 
electrocatalyst calculated from 
XRD



 Advanced Composites and Hybrid Materials           (2024) 7:201   201  Page 6 of 22

for TNO@C700, TNO@C800, and TNO@C900 electrocata-
lysts at 2θ = 24°, 26°, 32.5°, 44°, 48°, and 55° correspond 
to the lattice planes of ( 110 ), ( 003 ), ( 512 ), ( 005 ), ( 020 ), and 
( 1113 ), respectively. The XRD patterns are ascertained to 
match the standard powder diffraction file (JCPDS: 98–000-
6120) [22, 29, 32]. The observed lattice planes are indexed 
to the monoclinic  ReO2 type crystal structure with the C2/m 
space group of  TiNb2O7. The obtained XRD patterns for 
TNO@C match well with the Wadsley-Roth structures of 
 TiNb2O7. The Wadsley-Roth structures have distributed 
Ti and Nb metal ions at the octahedral positions linked by 
edges and corners of the  TiNb2O7 lattice, as reported in 
previous literature [29, 32, 36, 37]. No impure phases of 
 Nb2O5,  TiO2, or any Ti-Nb-oxides can be noted from the 
XRD peaks, which show pure phase formation of  TiNb2O7.

From the XRD patterns, we notice that the as-prepared 
TNO samples exhibit a broad, amorphous peak that indicates 
lower crystallinity due to oleic acid structures. During cal-
cination, sharp peaks evolve steadily from the as-prepared 
sample, which shows increasing crystallinity of TNO@C 
with increasing calcination temperatures. The TNO@
C700 and TNO@C800 samples show semi-crystalline 
peaks, which is attributed to the partial crystallization of 
the TNO@C samples and imperfect carbonization of the 
surface. Besides, with a further increase in calcination tem-
perature to 900 °C, the TNO@C samples were better crys-
tallized, as more intense and sharp diffraction peaks were 
observed for TNO@C900. Therefore, the XRD results for 
TNO@C confirmed the formation of a Wadsley-Roth crystal 
structure with a  ReO2-type monoclinic phase on  TiNb2O7 
with a C2/m space group and that calcination at higher tem-
peratures produced TNO@C with higher crystallinity. The 
Williamson-Hall (W–H) plots for the TNO@C electrocata-
lysts show the strain evolution in the sample calculated using 
the W–H equation (Fig. 1c). The W–H equation resembles 
a linear form in which the slope relates to the strain in the 
sample, and the intercept of the equation relates to the inter-
planar distance [35, 38]. The W–H plots for TNO@C700 
and TNO@C800 samples reveal a negative slope, which 
indicates the compressive nature of strain (lattice contrac-
tion) in the sample. The larger the slope value results in the 
higher strain in the TNO@C samples. On the contrary, the 
TNO@C900 sample elucidates a positive strain due to lat-
tice expansion at higher calcination temperatures. Lattice 
expansion explains the formation of highly accessible pores 
in crystals that enhance mass transport [39, 40].

The morphology and microstructure of the TNO@C 
samples were analyzed by field emission scanning electron 
microscopy (FESEM) and transmission electron microscopy 
(TEM). The FESEM images of the prepared TNO@C sam-
ples reveal a uniform monodisperse microsphere morphol-
ogy and confirm that the surface roughness increases with 
increasing calcination temperature. The FESEM images of 

the as-prepared TNO samples initially show smooth spheri-
cal surfaces, as shown in Fig. 2a. However, it is noted that 
for increasing calcination temperatures, the TNO micro-
spheres become rough due to the decomposition of the 
surface carbon structures with the lattice oxygen. Conse-
quently, the FESEM images of the TNO@C700 and TNO@
C800 samples show a gradual increase in roughness due 
to the high-temperature decomposition of the carbon struc-
tures on the surface (Fig. 2b, c). Furthermore, the TNO@
C900 microspheres reveal highly rough surfaces due to the 
decomposition of the carbon structures with the lattice oxy-
gen atoms (Fig. 2d) [41, 42]. The morphological evolution 
of the TNO@C microspheres is initiated by treating the 
homogenous mixture of Ti and Nb precursors in ethanol 
and oleic acid via the hydrothermal method. Here, the oleic 
acid plays an important role as the capping agent to achieve 
uniform morphology of the TNO@C microspheres and to 
avoid agglomeration after growth [43]. Thus, the addition of 
oleic acid confines the nucleated TNO@C microspheres by 
altering the surface energies of the microspheres to induce 
growth in the specified direction. Moreover, the micelle-like 
structures of oleic acid are supported on the surface of the 
TNO@C microspheres, which separates adjacent spheres 
from agglomeration [43]. Hence, the as-prepared mono-
dispersed TNO@C microspheres with uniform size and 
morphology are achieved by the initial hydrothermal proce-
dure. Secondly, the as-prepared TNO@C microspheres are 
calcined at high temperatures under Ar atmosphere, which 
results in the crystallization of the sample. The increasing 
calcination temperatures (700 °C, 800 °C, and 900 °C) have 
a direct impact on the decomposition of the oleic acid struc-
tures into carbon layers on the surface and crystallization of 
the TNO@C microspheres. During calcination under the Ar 
atmosphere, the carbon layers are partially oxidized with the 
lattice oxygen, which removes an oxygen atom from the lat-
tice sites, forming  CO2 gas [44]. The evolution of  CO2 with 
the lattice oxygen results in the highly rough surfaces of the 
TNO@C900 samples. In addition, the increasing calcina-
tion temperature crystallizes the TNO@C microspheres and 
exposes the TNO surfaces due to the decomposition of the 
carbon layers, as noted from the crystalline peaks in XRD 
patterns.

Subsequently, the TEM images of the TNO@C900 
in Fig. 2e reveal the TNO nanoparticle assembled solid 
microspheres with a diameter of nearly ~ 3 µm. Besides, 
the high-resolution TEM (HRTEM) images in Fig. 2f show 
the periodic arrangement of all the lattice planes oriented 
in the same direction. The amorphous layer, as observed 
from the HRTEM images, corresponds to the carbon 
layer. The carbon layer is formed during the pyrolysis of 
the as-prepared TNO microspheres. The presence of the 
surfactants (oleic acid) during synthesis acts as a capping 
agent to facilitate uniform growth of the TNO microspheres 
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[45, 46]. The high-temperature pyrolysis of the prepared 
electrocatalyst causes the evolution of volatile elements, 
resulting in the formation of a carbon layer on the surface 
of TNO@C microspheres. The magnified HRTEM image in 
Fig. 2g reveals the lattice fringes with an interlayer spacing 
of about 0.37 nm assigned to the most dominant (110) plane 
of the monoclinic  TiNb2O7 crystal structure [29, 30, 47]. 
The selected area electron diffraction (SAED) patterns for 
the TNO@C900 microspheres exhibit a typical polycrys-
talline pattern due to the presence of carbon layers on the 
surface, as shown in Fig. 2h. The carbon layer is formed as 
a result of high-temperature pyrolysis of surfactants (oleic 
acid). Besides, the sharp spots in the SAED patterns corre-
spond to the single-crystalline nature of the TNO@C sam-
ples [48]. Hence, the results are consistent with the XRD 
patterns, which further confirms the crystalline nature of 
TNO@C900 samples with monoclinic structure. The 
energy-dispersive X-ray spectrum (EDX) (Fig. 2i–m) shows 
the uniform elemental distributions of Ti, Nb, O, and C on 
the TNO@C900 sample. The presence of C is due to the 
decomposed oleic acid on the surface during the synthesis 
of the TNO@C microsphere.

The chemical composition and oxidation states of the 
TNO@C samples under various calcination temperatures 
were analyzed using X-ray photoelectron spectroscopy 

(XPS). The high-resolution XPS spectrum of Ti 2p in Fig. 3a 
displays peaks at 458.2 eV and 464.06 eV, which correspond 
to Ti  2p3/2 and Ti  2p1/2, respectively [27, 49]. The decon-
voluted peaks for Ti  2p3/2 indicate the contributions from 
 Ti3+ and  Ti4+ at 457.96 eV and 458.59 eV, respectively. The 
slight deviations in Ti  2p3/2 peaks elucidate the changes in 
oxidation states of the sample during the variation in calci-
nation temperatures [34]. A similar trend in the peak differ-
ence was analyzed for the Ti  2p1/2 peaks, with signals arising 
for  Ti3+ and  Ti4+ at 463.34 eV and 464.35 eV, respectively. 
For TNO@C900 with a high calcination temperature, the 
cations change from  Ti4+ to  Ti3+, resulting in a downshift in 
the spectrum. The relatively higher peak intensity for  Ti4+ 
indicates the surface dominant tetravalent Ti states present 
in the octahedral sites of the TNO@C crystal structure [50]. 
Similarly, the spectra of Nb 3d in Fig. 3b show two broad 
peaks at 206.78 eV and 209.53 eV corresponding to Nb 
 3d5/2 and Nb  3d3/2, respectively, for TNO@C900 [27]. The 
deconvoluted peaks referring to 206.45 eV and 209.23 eV 
correspond to the  Nb4+ species, and the peaks at 207.09 eV 
and 209.86 eV correspond to the  Nb5+ species, respectively 
[8]. It is observed that the peaks of Nb  3d5/2 and Nb  3d3/2 
shift to lower binding energy with increasing calcination 
temperatures, indicating the partial reduction of  Nb5+ to 
 Nb4+ forming a defective Ti/NbO6-x octahedra [34].

Fig. 2  FESEM images of a as-prepared TNO, b TNO@C700, c 
TNO@C800, and d TNO@C900, respectively. e TEM image of the 
TNO@C900 microsphere, f, g HRTEM images of the TNO@C900 

microsphere under various magnifications, h SAED patterns of the 
TNO@C900 microspheres, and i–m EDX elemental mapping images 
of TNO@C900 microspheres
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The partial reduction in the TNO@C900 sample creates 
oxygen vacancies in the sample around  Nb4+ ions with elec-
tron accumulation on the defective sites [34, 51–54]. Moreo-
ver, the  Nb5+ cations have been found to achieve stable octa-
hedral positions in the TNO@C structures, by which they 
are inferred to be weak active sites for redox reactions [29]. 
The  Nb4+ sites form a defective octahedron with a lower 
binding energy shift, which imposes point defects in the 
 TiNb2O7 structure [34]. Therefore, the presence of transi-
tion metals such as Ti coupled with the oxygen vacancy and 
Nb forming a defective octahedron provide partially occu-
pied d-orbitals that are ascribed as effective active sites for 
 N2 adsorption and reduction. Moreover, the stable defective 
octahedral positions offered by the Wadsley-Roth structure 
for the Ti and Nb elements reveal sufficient oxygen vacan-
cies, which improve the redox activity of the material. Thus, 
the presence of  Ti4+ and  Nb4+ cations with modified electron 
densities can be anticipated as the major active sites in the 
TNO@C electrocatalysts.

The O1s spectra of TNO@C900 show peaks at 529.45 eV, 
530.10 eV, 530.77 eV, and 531.82 eV, corresponding to O-M 
interactions (M = Nb or Ti), lattice oxygen anions of Ti and 
Nb octahedra [31, 33, 55, 56], oxygen vacancies  (Vo), and 
the unreactive carbonyl group, respectively (Fig. 3c) [49, 55, 
57, 58]. The non-lattice oxygen signal at 530.77 eV repre-
sents O species weakly adsorbed on oxygen vacancies  (Vo) 
formed during calcination [8, 41, 58], and it was found that 
increasing the calcination temperature to 900 °C resulted 

in a relative decrease in the lattice oxygen anion peak at 
530.10 eV compared to the oxygen vacancy peak  (Vo) at 
530.77 eV. This relative peak difference is due to the higher 
cationic valence states with oxygen vacancies.

The weak peak at 528.6 eV in TNO@C700 corresponds 
to impure bulk dissolved oxygen species that are converted 
to lattice oxygen atoms by increasing the calcination tem-
peratures [59]. The functional groups (-COOH) incorpo-
rate lone pair of electrons into the metal ions forming a 
metal oleate complex which forms the desired metal oxide 
nanoparticles. The presence of the dissolved oxygen as 
 O2− is formed due to the interaction with the metal d-band 
and the oxygen species impersonating as a metallic char-
acter rather than the usual metal oxides [60, 61]. As sug-
gested in previous literature, charge transferred from the 
metal to the oxygen species, resulting in the formation of 
bulk  O2− [61, 62]. Hence, it is suggested that the presence 
of  O2− in TNO@C700 is due to the dissolved oxygen spe-
cies formed as a result of strong metal d-band interaction 
with the oxygen species. In addition, dissolved oxygen 
species have been noticed to desorb from materials at tem-
peratures above 800 °C [63]. Thus, the increase in oxygen 
vacancies in the TNO@C electrocatalysts causes point 
defects between metal ions bonded by the oxygen atoms. 
The oxygen vacancies promote electron delocalization in 
the TNO@C900 sample, which increases the electronic 
conductivity [34]. The repulsion between two adjacent 
cations due to oxygen vacancies causes lattice strain in 

Fig. 3  High-resolution XPS 
spectra for a Ti 2p, b Nb 3d, c 
O 1 s, and d C 1 s of the TNO 
microspheres under vari-
ous calcination temperatures, 
respectively
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TNO@C electrocatalysts [64, 65]. Therefore, the lattice 
strain induced by the point defects is high in TNO@C900 
electrocatalysts, which supports the W–H plots for the 
TNO@C electrocatalysts.

From the C1s spectra for TNO@C900, peaks at 
283.72 eV, 284.67 eV, 285.94 eV, and 288.16 eV arise from 
interactions between metal ions and the carbon layer, C‒C 
bonds on the surface sp3 bonded carbon, C‒O interactions 
with the lattice oxygen, and the unreactive carbonyl groups, 
respectively (Fig. 3d). The peak at 283.72 eV finds a rela-
tively increased peak intensity from 800 to 900 °C, which 
is attributed to the higher M-C bonds on the microspheres. 
Furthermore, the peak at 282 eV for TNO@C700 corre-
sponds to the M-C-O bonds [66]. The gradual increase in 
calcination temperature elucidates the reduction of M-C-O 
bonds to M-C with higher peak intensity, indicating the for-
mation of oxygen vacancies and higher M-C interactions 
[67]. At high temperatures, the peaks for M-C are relatively 
higher suggesting the formation of  MCx moieties [68]. The 
presence of stronger M-C bonds facilitates electron transfer 
from the active sites to the conductive carbon layer improv-
ing the electrocatalytic activity. However, the bulk presence 
of the metal carbides was not observed in Ti 2p and Nb 3d 
spectra and in XRD. The presence of this bond is beneficial 
for efficient charge transfer in the system.

In addition, the peaks around 284.67 eV correspond to the 
sp3 C‒C interactions from the carbon layer on the TNO@C 
surface [69]. The peak for C‒C becomes relatively sharper 
as the temperature increases from 700 to 800 °C due to the 
formation of ordered carbon structures [70]. However, the 
intensity of the C‒C peak decreases at 900 °C due to  CO2 
evolution with lattice oxygen at higher temperatures, form-
ing oxygen vacancies, which corroborates the results from 
the O 1 s spectra [41, 71]. The relatively higher Ti-C peak 
intensity and the lower C‒C peak intensity for 900 °C vali-
date the higher crystallinity of the TNO@C900 samples as 
inspected from the XRD patterns. The peak at 285.94 eV 
corresponds to the lattice oxide interaction with the carbon 
layer, which shows a higher peak intensity for TNO@C900, 
suggesting an increased stability of TNO with the carbon 
layer [72, 73]. Thus, from the XPS results, we interpret the 
active sites for the  N2 reduction reaction with modified elec-
tronic states.

The  Ti4+ and the  Nb4+ together with the oxygen vacancies 
can impose adsorption sites for  N2, and this readily provides 
electrons for protonation. The oxygen vacancies are antici-
pated to trap the lattice electrons in the meta-stable state 
which is exploited during  N2 activation for NRR. In addi-
tion, the carbon networks on the surface of the microspheres 
provide excellent electron conduction pathways. Thus, the 
TNO@C microspheres were analyzed to be active for effi-
cient NRR performances.

Overall, the TNO@C microspheres exhibit crystallization 
and lattice expansion due to strain effects as the calcina-
tion temperature increases. Thus, defective  Ti4+ and  Nb4+ 
octahedral sites and oxygen vacancies increase in TNO@
C900 samples fired at higher temperatures. The point defects 
create a lattice strain, resulting in lattice expansion in the 
TNO@C900 sample due to crystallization at high tempera-
tures. The  Ti4+ cations support oxygen vacancies, and the 
reduction of  Nb5+ ions to  Nb4+ creates electron accumula-
tion sites that serve as Lewis acid sites for  N2 adsorption. 
In addition, the oxygen vacancies and surface carbon struc-
ture promote higher electronic conductivity in TNO@C900 
samples. Therefore, TNO@C900 samples with the Wadsley-
Roth crystal structure are expected to exhibit higher NRR 
activity due to the extended lattice caused by the positive 
strain,  Ti4+, and  Nb4+ active sites, intrinsic oxygen vacan-
cies, and surface carbon network.

3.2  Electrochemical NRR performances of TNO@C 
electrocatalysts

The electrochemical NRR experiments for TNO@C700, 
TNO@C800, and TNO@C900 samples were carried out in 
a three-electrode setup under ambient conditions. The lin-
ear sweep voltammetry (LSV) curves for different electro-
catalysts are shown in Fig. 4a, which shows an early onset 
potential for TNO@C900 under  N2-saturated 0.1 M  Na2SO4 
electrolyte. The high current density reveals the  N2 reduc-
tion activity of the TNO@C electrocatalysts to produce 
ammonia. The TNO@C electrocatalysts were subjected to 
chronoamperometric (CA) tests for 2 h under  N2-saturated 
electrolyte within the potential range of − 0.25 to − 0.1 V 
(vs. RHE) (Fig. S2). After 2 h of electrolysis, the electro-
lytes were collected and stained by the salicylate method 
to perform UV-absorption tests. The absorption intensity 
for various potentials was compared with the concentra-
tion–calibration curves derived from standard ammonia 
solutions to analyze the concentration of ammonia pro-
duced (Fig. S1a and S1b). As shown in Fig. 4b and S3, the 
ammonia yields of TNO@C700, TNO@C800, and TNO@
C900 were 0.11 µmol  h−1  cm−2, 0.18 µmol  h−1  cm−2, and 
0.62 µmol  h−1  cm−2, respectively, with TNO@C900 hav-
ing the highest. The FEs were also 7.6%, 8%, and 13.11%, 
respectively, with TNO@C900 being the most efficient, 
showing superior NRR performance compared to TNO@
C700 and TNO@C800 electrocatalysts. However, HER 
dominates at more negative potentials. Hence, a high ammo-
nia yield rate and FE can be noticed at particular applied 
potentials. Error bars display the standard deviation for 
ammonia yield and FE for TNO@C electrocatalyst from 
three independent electrochemical NRR electrolysis tests.
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The high activity of TNO@C900 is attributed to the syn-
ergistic interaction of the extended lattice, the cationic  Nb4+ 
and  Ti4+ metal active sites, and their high accessibility due to 
the surface carbon structure. Besides,  TiNb2O7, covered with 
an amorphous carbon layer, incorporates higher electron 
conductivity to and from the electrocatalytic active sites. 
The amorphous layer is highly porous due to the evolution 
of volatile compounds from the skeleton of the surfactants 
(oleic acids) used in synthesis as a result of high-temperature 
annealing. This porous carbon layer over  TiNb2O7 addition-
ally promotes mass transport towards the active sites.

The combined activity of oxygen vacancies and metal 
active sites results in improved NRR performance [74]. 
In contrast, XPS analysis of TNO@C700 showed a high 

density of oxygen vacancies, but relatively low NRR perfor-
mance. The poor performance can be ascribed to the con-
cealment of the metal active sites by the surfactants present 
on the surface. The presence of oxygen vacancies assists the 
metal ions in  N2 reduction; however, the oxygen vacancy 
alone cannot perform NRR. Even though TNO@C800 had 
a relatively low oxygen vacancy peak, it showed relatively 
improved ammonia yield and FE due to the exposed metal 
active sites. TNO@C900 exhibited the highest NRR electro-
catalytic activity due to the exposure of metal active centers 
and the synergistic activity of many oxygen vacancies.

To clearly verify NRR activity, the LSV curves for the 
TNO@C900 electrocatalyst under Ar- and  N2-saturated 
0.1 M  Na2SO4 electrolyte were performed, as shown in 

Fig. 4  a LSV polarization curves of the TNO@C electrocatalysts 
under various calcination temperatures; b corresponding ammonia 
yield and FE of prepared TNO@C electrocatalysts for various calci-
nation temperatures. c LSV polarization curves of the TNO@C900 
electrocatalyst under  N2- and Ar-saturated 0.1 M  Na2SO4 electrolyte, 
d LSV polarization curves of the TNO@C900 electrocatalyst under 

various electrolytes, e ammonia yield and FE for TNO@C900 elec-
trocatalyst at the various potentials, f 1H NMR spectra of TNO@
C900 electrocatalyst at − 0.2  V (vs. RHE) in 15N2-saturated electro-
lyte, g long-term stability, and h cyclic NRR test for the TNO@C900 
electrocatalyst
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Fig. 4c. For the Ar-saturated electrolytes, at more negative 
potentials, HER takes place at more negative potentials, 
which is observed from the higher current density with 
an onset potential. In the case of the  N2-saturated electro-
lytes, the onset potentials shift to a lower value, indicating 
an enhanced current density, which reveals the feasible  N2 
reduction performances [75].

The NRR performances of the TNO@C900 electrocata-
lyst were evaluated under three different electrolytes such 
as 0.1 M  Na2SO4, 0.1 M KOH, and 0.1 M  LiClO4. The vari-
ation of the electrocatalytic activity due to various electro-
lytes can be elucidated from the pH of the electrolyte and 
the effects of the cationic sizes. The LSV curves in Fig. 4d 
of the TNO@C900 electrocatalysts performed under dif-
ferent electrolytes show lower onset potentials in the order 
 Na2SO4 < KOH <  LiClO4. The  Na2SO4 electrolyte and KOH 
electrolytes display early onset potentials and higher cur-
rent densities than the  LiClO4 electrolyte. The lower current 
densities for  LiClO4 are due to the lower charge transfer 
reactions for NRR under the  LiClO4 electrolyte.  Na2SO4 and 
 LiClO4 are pH-neutral electrolytes, while KOH electrolytes 
are alkaline. For better electrocatalytic NRR performances, 
the electrolysis cell must be able to mitigate the competing 
HER which has been found to be significantly suppressed 
in pH-neutral aqueous electrolytes [76]. Thus, by provid-
ing sufficient protons to the electrocatalyst surface, good  N2 
reduction with high FE occurs in the  Na2SO4 electrolyte. 
The size of the cation plays an important role, with better 
activity in  Na2SO4 electrolytes than in  LiClO4 electrolytes. 
In general, the larger the cation size, the higher the HER 
suppression on the electrocatalyst surface due to the defor-
mation of the Helmholtz plane by cation adsorption [77–79]. 
Thus, the  Na2SO4 electrolyte behaves as an optimal electro-
lytic medium for efficient NRR activities.

The reduction performances in Ar saturation can be 
ascribed to the hydrogen evolution from the electrocata-
lyst surface in the absence of  N2. It is analyzed that at  N2 
saturation, NRR is dominant, whereas HER is suppressed. 
However, at more negative potentials, HER dominates. 
Hence, a high ammonia yield rate and FE can be inspected 
at certain applied potentials. The CA tests were performed 
on the TNO@C900 electrocatalyst for 2 h, followed by the 
salicylate method for ammonia determination on the spent 
electrolyte (Fig. S6a). The UV–vis curves show an absorp-
tion peak at 677 nm, indicating the presence of ammonia 
by NRR in the electrolyte used (Fig. S6b). The TNO@
C900 electrocatalyst exhibits a maximum ammonia yield 
(0.62 µmol  h−1  cm−2) and the highest FE of about ~ 13.11% 
for − 0.20 V vs. RHE, which is superior to the performances 
at other applied potentials (Fig. 4e). The small amounts of 
 NH3 formed at − 0.25 V (vs. RHE) could be attributed to 
the competitive adsorption of  H+ species on the electrode 
surface to perform HER.

The maximum FE and ammonia yield for 0.1 M  LiClO4 
are calculated to be 2.3% and 0.4 µmol  h−1  cm−2 and for 
0.1 KOH are 0.39% and 0.16 µmol  h−1  cm−2, respectively 
(Figs. S7, S8). As observed from the ammonia yield and FE 
plots, electrolytes with variable cations and pH reveal maxi-
mum ammonia yield and FE for 0.1 M  Na2SO4 than 0.1 M 
 LiClO4 and 0.1 M KOH. In the case of neutral and alka-
line pH, neutral electrolytes deliver higher ammonia yield 
and FE compared to alkaline electrolytes due to the limited 
availability of hydroxyl ions, which effectively interact with 
the active sites than  N2 molecules. Therefore, electrolytes 
containing neutral pH deliver higher ammonia production 
performances, as observed from the previous study [80]. 
Besides, the cation effects play a crucial role in enhancing 
electrocatalytic activity. 

The possible sources of N other than from  N2 feeding 
gas are N atoms from the electrocatalyst surface and the 
 NOx impurities in  N2 feeding gas and electrolyte which can 
lead to overestimation of the electrocatalyst performance. 
The NRR performances of TNO@C900 electrocatalysts 
were performed under static  N2-saturated electrolyte, which 
revealed almost similar ammonia yield and insignificant dif-
ference in FE compared to NRR under  N2 flow (Fig. S9). 
Besides, the  N2-saturated electrolyte was analyzed for  NOx 
contaminants via high-purity liquid chromatography (HPLC) 
analysis, which does not exhibit any hint of the  NOx impu-
rities in the  N2 feeding gas compared to the standard data 
for  NO3¯ and  NO2¯ (Fig. S10). The insignificant differences 
in ammonia yield and FE may be due to the deviation in 
 N2 concentration within the  N2-saturated electrolyte during 
NRR electrolysis. Hence, the control study with  N2-saturated 
electrolyte and HPLC analysis ensures that ammonia pro-
duction is from  N2 feeding gas by NRR and rather than from 
 NOx impurities.

To investigate the electrocatalytic activities in the TNO@
C900 further, 1H nuclear magnetic resonance (1H NMR) 
spectra were performed after 5-h and 25-h reaction times 
with 15N2 feeding gas under Ar atmospheric conditions, 
respectively (Fig. 4f). The 1H NMR indicated a doublet cou-
pling for 15NH4

+ and a triplet coupling for 14NH4
+, with 15N2 

and 14N2 functioning as the corresponding  N2 sources [11]. 
Notably, the Ar-saturated electrolyte reveals the absence of 
doublet or triplet peaks, indicating the absence of ammonia 
without  N2 feeding gas. Thereby, 1H NMR results substan-
tiate the hypothesis that the produced  NH3 originates from 
the electrocatalytic conversion of the supplied  N2 over the 
TNO@C900 electrocatalyst. If the produced ammonia were 
from other N sources or by electrode degradation, the 1H 
NMR spectra would result in the co-existence of doublet 
and triplet peaks for the electrocatalytic conversion of 15N2 
feeding gas and other undesired N sources. Hence, the con-
trol experiments under Ar and  N2 saturation conditions and 
under 15N2 feeding gas reveal the ammonia production of 
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TNO@C900 completely by  N2 feeding gas reduction neither 
due to the  NOx contaminants in the electrolyte or feeding gas 
nor by catalytic degradation of the electrode.

Furthermore, long-term and cyclic stability tests were 
conducted to scrutinize the durability of the catalysts. 
The current density in the i-t curve, determined using the 
long-term CA method over a duration of 10 h at − 0.2 V 
(vs. RHE), exhibited consistent stability (Fig. 4g). After 
completing 12 cycles (Fig. 4h), no substantial changes in 
the ammonia yield rate and FE were inspected, implying 
that the TNO@C900 composites possess exceptional elec-
trochemical stability. The TNO@C900 electrocatalyst was 
characterized with XPS, XRD, and FESEM analysis after 
NRR stability tests. The XPS analysis in Fig. S11 shows 
that the characteristic peaks of Ti 2p and Nb 3d shifted to 
their higher oxidation states relative to the sample before 
the NRR test. This positive shift is due to electron transfer 
from metal sites into  N2 species during NRR electrolysis 
[81]. Besides, the O 1 s spectra reveal the formation of C-O 
bonds due to surface oxidation of TNO@C900 during NRR 
electrolysis. The M–O bonds corresponding to lattice oxy-
gen anions of Ti and Nb octahedra had disappeared which 
may be due to the interaction of  N2 atoms within the Ti and 
Nb lattice. However, the M–O bonds for Ti–O and Nb–O 
species experience a slight shift to higher binding energy 
without any change in intensity. Thereby, the oxide struc-
ture of TNO@C900 holds structural integrity with minor 
oxidative changes during NRR electrolysis. The C 1 s spec-
tra consequently reveal the peak intensity reduction of C–C 
bonds, which agrees with the surface oxidation forming C-O 
bonds in O 1 s spectra. Notably, the M-C bonds significantly 
disappeared after NRR electrolysis which may correspond to 
the activity of metal sites towards  N2 adsorption and activa-
tion during NRR. However, the carboxyl species (O = C-O) 
has a relatively higher intensity due to the oxidation of the 
C species. The O = C-O bonds reveal a peak shift to high 
binding energy due to the adsorption of intermediates and 
increased surface oxidation during NRR [82–84]. Hence, the 
XPS results elucidate that the oxide phase of TNO@C900 is 
undisturbed but a thin oxide layer is formed due to surficial 
oxidation after NRR electrolysis.

However, the XRD results in Fig. S12 after the NRR sta-
bility test reveal insignificant changes to the crystal phase 
of TNO@C900 electrocatalysts. The XRD analysis confirms 
that the bulk TNO@C900 did not show any structural varia-
tions, and the surface oxidation changes, as analyzed in XPS, 
have occurred as a result of NRR. Besides, morphological 
analysis by FESEM after NRR tests has revealed a negli-
gible structural change to the surface, further elucidating 
the structural robustness of TNO@C900 electrocatalysts 
(Fig. S13). The enhanced electrocatalytic activity of the 
TNO@C900 is due to the positive strain and the oxygen 

vacancy-induced catalytic active centers of  Ti4+ and  Nb4+, 
which participate in the  N2 reduction reaction. As shown in 
Fig. S14 and Table S1, TNO@C900 exhibits better NRR 
activity at high FE compared to other previously reported 
electrocatalysts [7, 9, 12, 54, 74, 81, 85–94]. This is attrib-
uted to the enhanced performance of the Ti and Nb cation 
sites supporting the oxygen vacancies in the Wadsley-Roth 
structured  TiNb2O7 electrocatalyst and the carbon layer act-
ing as a conductive support.

3.3  Mechanism of NRR on the TNO@C 
electrocatalyst

The XPS characterization results indicate that the TNO@C 
structures contain oxygen vacancies along with the  Ti4+ 
and  Nb4+ cations, which are considered active sites for  N2 
adsorption and reduction. The gaseous nitrogen is initially 
adsorbed on the electrocatalyst surface and is readily proto-
nated by the proton-coupled electron transfer (PCET) steps 
that finally release ammonia from the surface.  N2 is adsorbed 
on the Nb and Ti cationic sites by the acceptance-donation 
mechanism, as shown in Fig. 5a. The N atom in its ground 
state has the highest occupied molecular orbital (HOMO) in 
3σg (bonding orbitals) and the lowest unoccupied molecular 
orbital (LUMO) in 1πg* (anti-bonding orbitals) [2]. Moreo-
ver, the TNO@C structures have been studied to provide 
both  Nb4+ and  Ti4+ cationic sites with a d-electron in the 
 Nb4+ site and the  Vo-assisted  Ti4+ site [7, 8].

On the other hand, the unoccupied d-orbitals of the Nb 
cationic sites accept an electron from the 3σg orbitals. An 
electron from the occupied d-orbital of the metal site is 
donated to the 1πg* anti-bonding orbitals. This electron 
transfer activates the  N2 triple bond, resulting in the elon-
gation of the bonds. The activated  N2 is readily protonated 
by six proton-coupled electron transfer (PCET) steps to 
evolve  NH3 from the surface. Previous studies suggest that 
the π-back donation process is feasible in  Nb4+ ions due to 
a d-electron in its orbitals, as shown in Eq. 7 [8]. On the 
other hand, the defective  Ti4+ with surface oxygen vacan-
cies  (Vo‒TiO2) can act as efficient Lewis acid sites for NRR. 
The oxygen vacancies  (Vo) trap the electrons from the lattice 
in the meta-stable state  (Vo•) [95]. The electrons from  N2 
are accepted into the unoccupied d-orbitals of  Ti4+ states. 
The trapped electrons from  Vo• are then donated to the anti-
bonding π* orbitals during the acceptance-donation mecha-
nism, as in Eq. 8. The corresponding  N2 activation reactions 
at the  Nb4+ and  Ti4+ cationic sites are listed below.

(7)Nb4+ + N2 → Nb4+ ∗ −(N = N)∙

(8)(Vo ∙ −Ti
4+) + N2 → (Vo − Ti4+) − N = N∙
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where ⁎ denotes the transferred σ-electron from  N2 during 
the acceptance-donation mechanism, and  Vo• denotes the 
oxygen vacancy with a trapped electron in the meta-stable 
state. Later, the adsorbed N atoms are ready for protonation, 
which involves six PCET steps to produce ammonia  (NH3). 
The protonation mechanism of the adsorbed  N2 follows 
either the associative alternating or the associative distal 
pathway, as shown in Fig. 5b. In the associative alternating 
pathway, protonation of the adsorbed  N2 occurs on alter-
nating N atoms (Eqs. 9-14). Eventually, the desorption of 
ammonia from both N atoms occurs in the subsequent steps 
of protonation (Eqs. 13 and 14). In the associative distal 
pathway, however,  N2 protonation occurs in a serial manner 
(Eqs. 15–20). First, one N atom is protonated completely to 
form ammonia, which desorbs in the third step after the first 
protonation (Eq. 17), and then, proton addition begins at the 
second N atom. The second ammonia molecule is desorbed 
from the surface in the sixth step after the first protonation 
(Eq. 20). The detailed associative alternating and distal path-
ways for the  Nb4+ active sites are described below in Eqs. 9, 
10, 11, 12, 13, 14 and 15, 16, 17, 18, 19, 20 respectively.

Associative alternating pathway:

(9)Nb4+ ∗ −(N = N) ∙ +H+ + e− → Nb4+ ∗

−(N = N)H(First protonation)

(10)
Nb4+ ∗ −(N = N)H + H+ + e− → Nb4+ ∗ −(NH = NH)

Associative distal pathway:

(11)
Nb4+ ∗ −(NH = NH) + H+ + e− → Nb4+ ∗ −(NH − NH2)

(12)
Nb4+ ∗ −

(

NH − NH2

)

+ H+ + e− → Nb4+ ∗ −(NH2 − NH2)

(13)
Nb4+ ∗ −

(

NH2 − NH2

)

+ H+ + e− → Nb4+ ∗

−(NH2 − −NH3)(NH3 desorption)

(14)
Nb4+ ∗ −(NH2) + H+ + e− → Nb4+ ∗ − − (NH3) (NH3 desorption)

(15)Nb4+ ∗ −(N = N) ∙ +H+ + e− → Nb4+ ∗

−(N = N)H(First protonation)

(16)
Nb4+ ∗ −(N = N)H + H+ + e− → Nb4+ ∗ −(N = NH2)

(17)
Nb4+ ∗ −

(

N = NH2

)

+ H+ + e− → Nb4+ ∗

−(N − −NH3)(NH3 desorption)

(18)Nb4+ ∗ −(N) + H+ + e− → Nb4+ ∗ −(NH)

(19)Nb4+ ∗ −(NH) + H+ + e− → Nb4+ ∗ −(NH2)

(20)
Nb4+ ∗ −(NH2) + H+ + e− → Nb4+ ∗ − − (NH3) (NH3 desorption)

Fig. 5  a Illustration of the acceptance-donation mechanism on  N2 molecule at the cationic active sites in TNO@C electrocatalyst. b Representa-
tion of the ammonia formation by associative alternating and distal pathways on the active sites of TNO@C electrocatalysts
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The  Ti4+ active sites follow a similar trend for NRR as the 
 Nb4+ sites, which protonate the adsorbed  N2 through the six 
PCET processes (Eq. 21) either by associative alternating or 
associative distal pathway.

Hence, the TNO@C electrocatalyst was shown to have 
efficient NRR activity. The higher ammonia yields and FE 
for the TNO@C900 electrocatalysts are due to the exposed 
 Ti4+ and  Nb4+ cationic sites actively involved in NRR. Fur-
thermore, the carbon layer present on the surface of the 
TNO@C electrocatalysts provides a conductive pathway 
for electrons to the active sites, and the rough surfaces with 
high accessibility promote higher mass transport. NRR is 
facilitated by the series of proton-coupled electron transfer 
steps that follow either the associative alternating pathway 
or the associative distal pathway. Therefore, the adsorption 
sites for the TNO@C900 electrocatalysts are the  Nb4+ and 
 Ti4+ cation sites. The  Nb4+ ion with an occupied d-orbital 
electron and the  Ti4+ ion with a trapped electron at the oxy-
gen vacancy contribute to the efficient  N2 reduction of the 
TNO@C900 electrocatalyst.

3.4  Electrochemical characterization of the TNO@C 
electrocatalysts

The electrochemical characterization of the TNO@C elec-
trocatalysts in 0.1 M  Na2SO4 electrolyte was also inves-
tigated. The double layer capacitance (Cdl) values for the 
TNO@C electrocatalysts are derived from the CV curves 
at various scan rates in the non-faradaic region (Figs. S15-
17) [93]. The Cdl values represent the active sites exposed 
on the surface, which are used to estimate the ECSA of the 
corresponding TNO@C electrocatalyst [94].

The plots in Fig. 6a illustrate the higher Cdl values for 
TNO@C900 electrocatalysts (0.58 mF), which is almost 
double that of TNO@C700 (0.33 mF) and TNO@C800 
(0.36 mF), respectively. The low Cdl values of TNO@C700 
and TNO@C800 are believed to be due to the partial crys-
tallization of TNO@C microspheres and incomplete car-
bonization of the TNO@C microsphere surface. The ECSA 
values derived from Cdl for TNO@C700, TNO@C800, and 
TNO@C900 electrocatalysts are 8.25  cm2, 9  cm2, and 14 
 cm2, respectively, showing that TNO@C900 electrocatalyst 
has many active sites for NRR.

Electrochemical impedance spectroscopy (EIS) was 
used to analyze the charge transfer kinetics provided by the 
TNO@C electrocatalyst. As shown in Fig. 6b and Table S2, 
TNO@C900 exhibits lower solution resistance (R1) and 
charge transfer resistance (R2) compared to other catalysts, 

(21)
(Vo − Ti4+) − N = N ∙ +6H2O

+ 6 e− → (Vo − Ti4+) + 2NH3 + 6 OH−

and the diffusion parameter in the low-frequency region con-
trolled by the Warburg impedance factor (w3) also shows 
a steep increase in the case of TNO@C900, confirming 
that fast ion diffusion occurs in TNO@C900 [95]. This is 
believed to be due to the high surface roughness and electri-
cal conductivity of TNO@C900 compared to TNO@C700 
and TNO@C800 and the high surface-active area due to the 
cationic sites of Ti and Nb.

The potential-dependent impedance of the TNO@C900 
electrocatalyst was analyzed to confirm the effective electro-
chemical performance of the electrocatalyst. The EIS spectra 
in Fig. 6c reveal a higher charge transfer resistance at 0 V vs. 
open circuit voltage (OCV), where the desired NRR does not 
occur. Thus, as the negative potentials increase with respect 
to the RHE, the charge transfer resistance decreases. The 
lowest resistance value is observed at − 0.2 V vs. RHE for 
TNO@C900, which is ascribed to the highest ammonia yield 
and FE as observed in previous NRR studies. Therefore, in 
the TNO@C900 electrocatalysts, under  N2-saturated elec-
trolyte and at negative potentials of about − 0.2 V vs. RHE, 
a fast charge transfer between the electrode surface and the 
reactants is observed [96, 97]. Bode plots of frequency vs. 
phase angle were analyzed at various applied potentials 
(Fig. 6d). The plots show the unaltered curves at higher 
frequencies, which remain the same for decreasing poten-
tials. The change in the low-frequency region elucidates the 
changes in the charge transfer resistance with respect to the 
applied potentials [96]. Besides, the lower curve area for 
the bode plots was observed for − 0.2 V vs. RHE, which 
indicates higher charge transfer reactions [98]. Thus, the 
bias-dependent impedance spectra indicate the shift of the 
relaxation frequency from the lower frequency region to the 
higher frequency region.

The relaxation frequency shift is accompanied by a 
decrease in the absolute values of the real (Z′) and imaginary 
(Z″) parts of the impedance, which is consequently reflected 
in the Bode plots [99]. Therefore, the EIS analysis for the 
TNO@C900 electrocatalysts shows a lower charge trans-
fer resistance and a higher NRR performance at − 0.2 V vs. 
RHE. In addition, the Bode plots confirm the higher NRR 
activity and the charge transfer dependence of TNO@C900 
in the high-frequency region. As a result, the enhanced 
charge transfer kinetics is due to the oxygen vacancy sup-
ported  Ti4+ and defective  Nb4+ cationic sites which perform 
efficient  N2 reduction activity. Also, the oxygen vacancy-
induced lattice strain and the carbon layer on the TNO@
C900 microspheres contribute to the lower charge transfer 
resistance of the electrocatalyst [25]. From the electrochemi-
cal characterization results, we infer that the TNO@C900 
electrocatalyst exhibits better NRR performance due to (1) 
rough and defective surface with large ECSA, (2) cationic 
active sites, (3) vacancy-induced strain effect, and (4) ben-
eficial carbon layer on TNO@C microspheres.
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In a nutshell, the Wadsley-Roth crystal system of the 
 ReO2 type monoclinic structure in  TiNb2O7 electrocatalyst 
exhibits higher activity towards NRR due to the early tran-
sition metal active sites, high exposure of active sites, and 
oxygen vacancies. The  Ti4+ and  Nb4+ cations on the octa-
hedral sites with oxygen vacancies are described as acidic 
Lewis sites for  N2 adsorption and protonation. In the Wads-
ley-Roth structures, excluded oxygenated space that provides 
a favorable environment for nitrogen adsorption. The defect 
and space of the Wadsley-Roth structure were optimized 
through control of the crystallinity, which is dependent on 
the calcination temperature. The TNO@C900 electrocata-
lysts form the desired crystalline structure when calcined at 
900 °C, revealing the rough surface of the TNO@C micro-
spheres. Thus, the superior NRR performance of TNO@

C900 is attributed to the well-defined Wadsley-Roth crystal 
structure and the inherent oxygen vacancies in the sample, 
as inspected in the material characterization.

Deformation induced by point defects shows lattice 
expansion due to the higher crystallinity of the TNO@
C900 sample. The cationic active sites of  Ti4+ and  Nb4+ 
from the TNO@C900 sample with large ECSA and lower 
charge transfer resistances are recognized as the active 
sites for NRR. Since  N2 is Lewis basic with a higher elec-
tron number, it is expected to be adsorbed on Lewis acidic 
site of  Ti4+ and  Nb4+ to perform the acceptance-dona-
tion mechanism. In addition, the innate oxygen vacan-
cies and the surface carbon structures incorporate high 
electron conductivity for feasible electron transport to the 
active sites for  N2 reduction [25]. Furthermore, the NRR 

Fig. 6  a Linear fit of the capacitive currents vs. the scan rate for 
TNO@C700, TNO@C800, and TNO@C900 electrocatalysts. b 
Nyquist plots of the TNO@C700, TNO@C800, and TNO@C900, 
electrocatalysts (inset: equivalent circuit model for TNO@C elec-

trocatalysts). c Nyquist plots of the TNO@C900 electrocatalysts 
under various applied potentials. d Corresponding Bode plots for the 
TNO@C900 electrocatalysts under various applied potentials
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performances have been extended to analyze the effect 
of electrolytes that create the environment for NRR elec-
trolysis. Among various electrolytes,  Na2SO4 was found 
to drive the reaction feasibly with swift ion transport 
and control of the local pH of the electrode surface. The 
higher FE of 13.11% is due to the enhanced selectivity 
of the TNO@C900 sample over Ti and Nb cationic sites 
due to their significant affinity towards  N2 adsorption. 
The effect of the  Na2SO4 electrolyte is crucial in provid-
ing sufficient protons for  N2 protonation and limiting the 
direct adsorption of  H+ on the catalyst surface to inhibit 
HER. The electrochemical characterization results show 
that the higher ECSA and lower charge transfer resist-
ance improve the electrode kinetics for the TNO@C900 
electrocatalyst.

3.5  Mechanistic study on TNO@C using in situ FT‑IR 
spectroscopy and DFT analysis

In situ vibrational spectroscopy analysis using Fourier trans-
form-infrared (FT-IR) spectroscopic studies of the electrode 
surface during NRR electrolysis reveals stretching, bend-
ing, and wagging of the N–H species which explains the 
nature of NRR intermediates and the probable NRR path-
way. In situ FT-IR spectroscopy studies for TNO@C900 are 
performed to observe the formation of NH intermediates on 
the electrode surface for NRR potentials within 0 to − 0.4 V 
vs. RHE. The peaks observed in Fig. 7 at 1103, 1255, 1430, 
1513, 1634, 3230, and 3300  cm−1 correspond to the sym-
metric and asymmetric vibrations of N–H, N–N, and H–O-H 
species.

The FT-IR spectroscopy analysis in Fig. 7a shows a 
peak at 1103   cm−1, corresponding to the N-N stretch-
ing vibration of the  N2 molecules [100]. The peaks at 
1634   cm−1 and 3307/3518   cm−1 correspond to H–O-H 
species that serve as the proton source for NRR during 
PCET reactions [100–102]. Notably, the peaks at 1430 
and 3248  cm−1 correspond to the asymmetric deformation 
and symmetric stretching modes of the H–N–H bond of 
the  NH4

+ species, respectively. Besides, the peaks at 1255 
and 1513  cm−1 correspond to the -NH2 wagging mode and 
H–N–H bonding vibrations [101, 103].

The wide band of peaks around 3000–3450  cm−1 (3161, 
3278, 3340, 3361, 3435) corresponds to the vibration 
modes of adsorbed  NHx species [104]. Additionally, the 
peaks at 2371  cm−1 correspond to the adsorbed  CO2 mol-
ecules present on the electrode surface from the electrolyte 
or atmosphere [105]. The negligible peaks for open circuit 
potential (OCP) suggest that ammonia is not innately pre-
sent in the electrolyte compartment. Hence, in situ FT-IR 
reveals the existence of N–N stretching, -NH2 wagging, 
H–N–H bending, and stretching of  NHx species that con-
firm ammonia is produced via the associative mechanism 

of electrochemical NRR. Comparing the obtained results 
with ammonia yield plots for TNO@C900, the increase 
in H–O-H adsorption corresponds to HER at higher 
potentials.

In addition, time-dependent in  situ FT-IR studies in 
Fig. 7b are performed at − 0.25 V vs. RHE every 1 min for 
60 min to observe the evolution of NRR. As observed, the 
peak at 1435  cm-1 gradually  over the period, indicating the 
production of  NH3 via electrochemical NRR activity [101]. 
The gradual increase in peak intensity for asymmetric and 
symmetric stretching modes of N–H species explains that  N2 
is electrochemically reduced to ammonia over time. Further, 
in situ Raman analysis revealed the bonding vibrations of the 
intermediates formed over the TNO@C900 surface during 
NRR. Similar to in situ FT-IR spectra, the in situ Raman 
analysis reveals the N-N stretching and bonding vibrations 
of  N2Hy intermediates. As observed in Fig. 7c and d, the 
peaks at 980 and 993  cm-1 correspond to the adsorbed sul-
fate radical species  (SO4

2-) and  NH3 adsorption, respectively. 
Besides, the peaks at 1125, 1079, and 1198  cm-1 correspond 
to the N-N stretching and  NH2 adsorption vibrations of the 
 N2Hy intermediates, respectively. Therefore, the in  situ 
FT-IR and Raman analysis reveal the strong nitrogen reduc-
tion on the catalyst surface, which suggests the selectivity of 
ammonia formation towards associative NRR mechanism.

Further DFT analysis is performed to calculate the surface 
free energy and adsorption energies of the  N2 and interme-
diate N–H species on active sites to estimate the probable 
NRR pathway. The (110) surface of the as-formed TNO@C 
catalyst can be an active site for both the adsorption of  N2 for 
NRR and H for HER through the transfer of electrons from Ti 
and Nb sites. Therefore, to determine how well the adsorp-
tion of  N2(g) and H occurs, adsorption energy calculations 
were performed for the possible Ti and Nb sites on the (110) 
surface (Fig. S18a, S18b).  N2(g) and H were adsorbed on top 
of each active site, Nb and Ti, and the most stable sites for 
each active site for nitrogen gas were found to be − 0.77 eV 
and − 0.64 eV on Ti and Nb(4) sites, and the most stable 
adsorption energy for H was found to be − 0.72 eV on Nb(4) 
site. These stable adsorption energies at Ti and Nb(4) sites 
are due to the empty space caused by the Wadsley-Roth struc-
ture on the  TiNb2O7(110) surface, which makes the adsorp-
tion of both  N2 and H better, but leads to stable adsorption for 
different sites, especially for the adsorption of H. The adsorp-
tion energy at the site shows that the adsorption of  N2(g) is 
more stable except for the Nb(4) site, which confirms that the 
adsorption of  N2(g) is better than the adsorption of H, which 
can lead to better NRR than HER (Fig. S18c).

The change in the distribution of electrons was calculated 
for the (110) surface of the TNO@C catalyst to confirm the 
transfer of electrons for adsorption. The adsorption of  N2 at 
each site breaks the π-bond of the molecule, allowing it to 
bond to the surface of the catalyst. This bonding requires 
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Fig. 7  a Potential-dependent and b time-dependent in situ FT-IR spectroscopy for TNO@C900
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electrons between the  N2 and the catalyst, which are provided 
by each Ti and Nb site in different ways. To confirm this, 
nitrogen molecules were absorbed on the Ti and Nb(4) sites 
with the most stable adsorption energies (Fig. S19a, S19b). 
The charge density difference analysis results show the direc-
tion of electron transfer and, thus, the way each site donates 
electrons. At the Ti site, the density of electrons at the Ti site 
is also enriched by meta-stable electrons around the Ti site, 
and it is confirmed that the adsorption of nitrogen molecules 
occurs favorably due to these enriched electrons. For the Nb 
site, it is shown that the d-electron of Nb is involved in the 
adsorption, which reduces the charge density at the site itself 
(Fig. 8a, b). The free energy graphs for NRR and HER for the 
active site with the most stable adsorption energy explain the 
overall reaction by investigating the intermediate reactions.

For each NRR and HER reaction, the Gibbs free energy 
was investigated for Ti and Nb(4) sites with stable adsorp-
tion energies for NRR, and for HER, the Gibbs free energy at 
Nb(4) was investigated under U = 0 V condition (Fig. 8c–e). 
When checking the investigated Gibbs free energy, HER was 
found to have a limiting potential (UL) value of − 0.65 V 
in Fig. 8c, and NRR was found to have values of − 0.91 V 
and − 0.78  V for Ti and Nb sites, respectively, in the 
 NH2* +  (H+  +  e−) →  NH3* step (Fig. 8d, e). In the com-
parison of NRR and HER, the dominant reaction of HER is 
related to the coverage of H*, which is investigated for the 
binding energy. Below − 0.2 V, the NRR reaction is favored 
due to the favorable adsorption of  N2, but above − 0.2 V, the 
HER reaction is judged to be increasingly favorable, and this 
is due to the increase in the adsorption of H and the domi-
nance of the HER reaction through high coverage, resulting 
in a decrease in NRR reactivity.

4  Conclusion

In summary, we have demonstrated the efficient NRR per-
formance of  TiNb2O7 (TNO@C) microspheres belonging to 
the Wadsley-Roth crystal structure family. After synthesis 
by a facile hydrothermal method, TNO@C microspheres 
calcined at different temperatures successfully formed a 
 ReO2-type monoclinic crystal structure with the C2/m phase 
of  TiNb2O7. The calcined TNO@C samples were prepared 
as microspheres with uniformly sized rough surfaces and 
exhibited distinct lattice planes. TNO@C900 calcined at 
900 °C exhibited superior NRR performance compared to 
TNO@C700 and TNO@C800 because  Ti4+ and  Nb4+ ions 
with excessive oxygen vacancies in the octahedral sites of 
 TiNb2O7 promoted the electrocatalytic activity. In addition, 
NRR was measured with different electrolytes, and it was 
found that  Na2SO4 electrolyte was more active in NRR com-
pared to KOH and  LiClO4. As a result, the TNO@C900 sam-
ple exhibited an ammonia yield of up to 0.62 µmol  h−1  cm−2 
and an FE of 13.11% in 0.1 M  Na2SO4 electrolyte. This excel-
lent NRR performance of TNO@C900 is attributed to the 
deformation effect caused by the rough surface, crystallized 
carbon layer, cationic active sites, and oxygen vacancies in 
the  TiNb2O7 Wadsley-Roth structure. In addition, the electro-
lyte pH in the electrochemical NRR system also has a great 
influence on the NRR performance. Therefore, this experi-
mental study on the NRR performance of the Wadsley-Roth 
structure will enrich the knowledge of the design and devel-
opment of active electrocatalysts and systems. Future stud-
ies can focus on modifying the  TiNb2O7 structure through 
doping and heterostructured strategies to increase the active 
centers. Thus, the Wadsley-Roth crystal structure provides a 

Fig. 8  a, b Iso-surface of charge 
density difference at the (110) 
plane. c–e Gibbs free energy 
diagram for HER and NRR on 
the various reaction sites
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stable structure that is insensitive to deformation and can be 
chosen as a reliable electrocatalyst in modern applications.
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