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A B S T R A C T

Here we report that the plasma-etching processed commercial titanium nitride (TiN-PE, PE represents plasma-
etching) that was first treated by ball-milling method (TiNeBM, BM represents ball-milling) is highly electro-
chemically active for the nitrogen (N2) reduction reaction (NRR) to NH3. The results demonstrate that the TiN-PE
as NRR electrocatalyst can deliver a yield rate of NH3 of 3.32× 10−10mol s−1 cm−2 (4.1 mg h−1 gcat.−1) with a
Faradaic efficiency of 9.1% at −0.6 V (vs. RHE) in 0.1M Na2SO4 solution (pH=3.2). The X-ray photoelectron
spectroscopy (XPS) analysis indicates that the titanium oxynitride (TiOxNy) with high oxygen content on TiN
surface was significantly enhanced by this plasma-etching approach, which is electrocatalytically active species
for NRR. The 15N isotopic labeling experimental results using 15N2 as the feeding gas verify that the syntheized
NH3 product during NRR is composed of 15N in 15NH4

+ (the enrichement of 64%) and 14N in 14NH4
+ (the

enrichment of 36%), indicating that the NRR process follows the Mars–van Krevelen mechanism.

1. Introduction

Electrocatalytic nitrogen (N2) reduction reaction (NRR) at ambient
conditions has been regarded as an environmentally friendly NH3

synthesis technology, promising for replacing the conventional energy-
and capital-intensive Haber-Bosch process [1–4]. As we know, N2 ac-
counting for ~78% in the atmosphere is very inert, owing to its nega-
tive electron affinity of −1.8 eV, high ionization potential of 15.8 eV,
large triple-bond energy of 940.95 kJ mol−1, and scarcity of permanent
dipole [5,6]. Moreover, its large energy gap (~10.82 eV) between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) is very disadvantageous for the gain and loss
of electrons [7]. In the traditional Haber-Bosch process, the adsorption
and activation of inert N2 molecules at Fe-based catalyst need harsh
reaction conditions (e.g., 400–500 °C and 100–200 atm), while at am-
bient conditions, an efficient NRR electrocatalyst is necessary for ad-
sorption and activation of inert N2 molecules for subsequent hydro-
genation processes.

Up to now, varieties of electrocatalysts, such as noble metal cata-
lysts [8,9], non-precious metal catalysts [10,11] and metal-free carbon
catalysts [12–14], have been developed and investigated for the

electrocatalytic conversion N2 to NH3, exhibiting high NRR activities.
Among all reported non-precious metal NRR electrocatalysts, transition
metal nitrides such as VN, CrN and ZrN etc. have been theoretically
verified to be very promising candidates for the NRR [15–18]. Experi-
mentally, VN, MoxN and CrN have been recently validated to be ef-
fective for the NRR to NH3 [19–22]. In particular, Xu and co-workers
recently reported that the formed VOxNy on the surface of VN nano-
particles is the catalytic active phase during NRR, demonstrating a NH3

yield rate of 1.1× 10−10mol s−1 cm−2 with a Faradaic efficiency of
1.6% at 0.1 V (vs. RHE) in 0.05M H2SO4 solution [22]. The work re-
ported recently by Shao et al. also indicated that compared to the CrN
nanoparticles, the partially oxidized CrN (forming chromium oxyni-
tride, CrOxNy) possesses higher NRR activity with the largest NH3 yield
rate of 8.9× 10−11mol s−1 cm−2 at a cell voltage of 2.0 V and the
highest Faradaic efficiency of 6.7% at a cell voltage of 1.8 V, using a
two-electrode reaction system [20]. Based on the reported results, the
NRR activity of transition metal nitride is highly dependent on its
oxynitride active phase, following the Mars–van Krevelen mechanism
during NRR [16]. However, how to effectively construct the transition
metal oxynitride NRR active phase utilizing its nitride precursor, is
critically important for efficiently electrocatalytic conversion of N2 to
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NH3 at ambient conditions.
Herein, plasma-etching approach was adopted to enhance the tita-

nium oxynitride (TiOxNy) active phase using ball-milling treated com-
mercial titanium nitride (TiN-BM, BM represents ball-milling) as a
precursor for efficient NRR. After plasma-etching treatment, the ob-
tained product was denoted as TiN-PE (PE represents plasma-etching).
The experimental results demonstrate that the as-synthesized TiN-PE
with rich TiOxNy active species can deliver a NH3 yield rate of
3.32×10−10mol s−1 cm−2 (4.1mg h−1 gcat.−1) with a Faradaic effi-
ciency of 9.1% at −0.6 V (vs. RHE) in 0.1M Na2SO4 solution
(pH=3.2), significantly higher than those achieved from the pristine
commercial TiN and ball-milling TiN-BM, comparable or superior to the
reported other transition metal nitrides and metal-based NRR electro-
catalysts (Table S1, Supporting Information). This study would be very
helpful to design and fabricate in large efficient transition metal nitride
NRR electrocatalysts for ambient NH3 synthesis.

2. Experimental section

2.1. Materials and chemicals

All chemical reagents, such as sulfuric acid (H2SO4), sodium sulfate
(NaSO4), sodium hypochlorite (NaClO), hydrochloric acid (HCl,
12mol L−1), sodium hydroxide (NaOH), ammonium sulfate
((NH4)2SO4), ammonium chloride (NH4Cl), salicylic acid (C7H6O3),
ethanol (C2H5OH), potassium sodium tartrate tetrahydrate
(C4O6H4KNa), sodium nitroferricyanide dehydrate
(C5FeN6Na2O·2H2O), para-(dimethylamino) benzaldehyde (C9H11NO),
and hydrazine hydrate (N2H4·H2O, 85%) were of analytical grade and
obtained from National Medicines Co. Ltd. of China. Nafion solution
(0.5 wt%) and deuteroxide (D2O) purchased from Aladdin Co. Ltd.
(15NH4)2SO4 was purchased from Aladdin Chemistry Co., Ltd.
(Shanghai, China). The deionized (DI) water (Millipore Milli-Q) was
used for the preparation of all solutions. All chemicals were used
without any further purification.

2.2. Fabrication of TiN-BM and TiN-PE

Commercial titanium nitride (TiN) powder (5 g, 99.5% purity,
particle sizes of 1–3 μm, National Medicines Co. Ltd. of China) was first
treated by the ball-milling approach. The obtained product was denoted
as TiN-BM. Briefly, the commercial TiN was ball-milled treated for 8 h
with a rotate speed of 300 rpm in a ball mill (WXQM-2 L, Tencan
powder Corporation, China) by agate balls (ϕ5–10mm) in Ar atmo-
sphere at a power of 7.5 kW under room temperature. After that, 0.5 g
TiN-BM was used as the precursor for subsequent plasma-etching
treatment. The experiment was performed on the plasma-etching
equipment (CPC-A-B, CIF International Group Co. Ltd). The system was
first evacuated to a pressure of 2×10−6 Torr, then Ar gas
(400mlmin−1) was filled into the reaction chamber, and maintained a
total pressure of 2.0 mTorr. Subsequently, the TiN-BM sample was
processed by the plasma-etching method with a power of 100W for
10min. The fabricated sample was denoted as TiN-PE.

2.3. Characterization

The crystalline structures of the samples were identified by X-ray
diffraction (XRD, Philips X'pert PRO) using Ni-filtered monochromatic
Cu Kα radiation (λ Kα1=1.5418 Å) at 40 kV and 40mA. Scanning
electron microscopy (SEM) measurements of the samples were per-
formed with a field emission scanning electron microscope (SU 8020).
Transmission electron microscopy (TEM) images of the samples were
collected on a JEOL-2010 microscope. Raman spectra of the samples
were performed on a Renishaw Micro-Raman Spectroscopy (Renishaw
inVia Reflex) using 532 nm laser excitation. Nitrogen ad-
sorption–desorption isotherms were measured using an automated gas

sorption analyzer (AutoChem II, Micromeritics, USA). X-ray photo-
electron spectroscopy (XPS) analysis of the samples was carried out on
an ESCALAB 250 X-ray photoelectron spectrometer (Thermo, America)
equipped with Al Kα1, 2 monochromatized radiations at 1486.6 eV X-
ray source. Temperature-programmed desorption of N2 (N2-TPD) pro-
files of the samples were performed on a Micromeritics instruments
chemisorption analyzer of AutoChem 2920. During measurement,
30mg sample was pretreated in pure He with a flow rate of
100mLmin−1 at 120 °C for 1 h. After cooling down to room tempera-
ture in He, the sample adsorbed N2 for 2 h (20 °C) and then purged in
He with a flow rate of 100mLmin−1 for 0.5 h to remove the residual
N2. The N2-TPD profiles were collected at a heating rate of 5 °Cmin−1

in He atmosphere. The 1H NMR (nuclear magnetic resonance) spectra
were obtained using superconducting Fourier transform nuclear mag-
netic resonance spectrometer (Bruker Avance-400). (14NH4)2SO4 and
(15NH4)2SO4 as reference samples were dissolved in 0.005M H2SO4

solution (D2O/H2O mixed solution, VD2O:VH2O= 1:4) for 1H NMR
measurements, and the electrolytes obtained from the 15N2- (the en-
richment of 99%) and 14N2-saturated 0.1M Na2SO4 solutions with the
reaction time of 1 h and concentration time of 12 h at 80 °C (D2O/
electrolyte mixed solution, VD2O:Velectrolyte= 1:4) for 1H NMR mea-
surements.

2.4. Electrochemical measurements

The electrocatalytic N2 reduction reaction (NRR) experiments of all
catalysts were performed in a sealed three-electrode configured two-
compartment electrochemical cell (the distance of the working elec-
trode and the counter electrode is 65mm and the distance of the
working electrode and the reference electrode is 15mm) on an elec-
trochemical workstation (CHI 760E, CH Instrument, Inc., Shanghai,
China) at ambient conditions. The electrolyte is 50mL of N2- or Ar-
saturated 0.1M Na2SO4 solution (pH=3.2). In this three-electrode
system, the catalyst (e.g., TiN, TiN-BM or TiN-PE) coated commercial
carbon cloth was used as the working electrode, and Ag/AgCl (satu-
rated KCl solution) and commercial carbon cloth were served as the
reference electrode and counter electrode, respectively. The working
electrode was prepared as follows: 20mg catalyst was dispersed into a
mixture containing 100 μL of Nafion solution (0.5 wt%) and 900 μL of
water-ethanol solution with a volume ratio of 1:3. After ultrasonic
treatment of 30min, the catalyst ink (0.25mL) was loaded onto the two
sides of commercial carbon cloth substrate with an area of 1×1 cm2

and dried at room temperature. The catalyst loading amount was cal-
culated to be ~2.5mg cm−2. Before all measurements, Ar or N2 was
first bubbled into the electrolyte for at least 30min with a flow rate of
150mLmin−1 to remove air in Na2SO4 solution and reactor, and then a
constant flow rate of 10mLmin−1 was maintained during the experi-
ment. Linear sweep voltammetry (LSV) measurements of the catalysts
were conducted in Ar- and N2-saturated 0.1M Na2SO4 solution with a
scan rate of 10mV s−1.

In this work, all measured potentials (vs. Ag/AgCl) were trans-
formed into the potentials vs. reversible hydrogen electrode (RHE)
based on the following equation:

= + + °E E E0.059pHgRHE A /AgCl Ag/AgCl (1)

where ERHE is the converted potential (V) vs. RHE, EoAg/AgCl= 0.197 V at
25 °C, and EAg/AgCl is the experimentally measured potential against Ag/
AgCl reference electrode.

2.5. NRR product determination

After the NRR measurement, the formed NH3 product was detected
using the indophenol blue method on an UV–Vis 2700 spectro-
photometer (Shimadzu, Japan) equipped with an integrating sphere at
wavelengths from 600 to 800 nm. In detail, 10mL of electrolyte was
extracted and mixed with 0.5mL of 0.55M NaOH solution (containing
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5.0 wt% salicylic acid and 5.0 wt% sodium citrate), 100 μL of
C5FeN6Na2O (10 g L−1) and 100 μL of 0.05M NaClO. After maintaining
for 1 h at room temperature, the absorbance of the mixed solution was
determined at the wavelength of 695 nm. The con-
centration–absorbance curve was calibrated utilizing ammonia chloride
(NH4Cl) as standard sample dissolved in 0.1M Na2SO4 solution for
calculating the ammonia concentration.

The Watt and Chrisp method was employed to determine the pos-
sible produced N2H4 during NRR. The p-C9H11NO (5.99 g), HCl
(30mL), and C2H5OH (300mL) were first mixed as a color reagent. In
detail, 1.0mL of electrolyte after NRR was acidized with 9.0mL of
1.0M HCl solution, and then added 5.0mL of color reagent with rapid
stirring for several times at room temperature. After incubating for
20min, the absorbance of the mixture was measured on an UV–Vis
2700 spectrophotometer at a wavelength of 455 nm. The obtained ca-
libration curve was used to calculate the hydrazine concentration.

The NH3 yield rate (R) was calculated by the following equation:

= ×
× ×

+
R V

t S
[NH N]

MNH
4

N
3 (2)

where R is the NH3 yield rate in mol s−1 cm−2, [NH4
+−N] is the

ammonia concentration in the measured electrolyte in μg mL−1, V is
the total volume of electrolyte solution, MN is 14 (gmol−1), t is the
reaction time (s) and S is the electrode area (cm2).

Assuming three electrons were consumed to produce one NH3 mo-
lecule, the Faradaic efficiency can be estimated by the following
equation:

= × × ×
×

×
+

FE F
Q

(%) 3 [NH N] V 10
M

100%4
6

N (3)

where FE is the Faradaic efficiency, F is the Faradaic constant and Q is
the total charge during the reaction process according to the corre-
sponding current density.

3. Results and discussion

The commercial TiN exhibits irregular particle-like morphology
with particle sizes of 1–3 μm (Fig. S1a, Supporting Information), while
the particle sizes obviously decrease to 100–500 nm for ball-milling
treated sample (TiN-BM) (Fig. S1b, Supporting Information). This is
helpful for improving the material's surface area, favourable for the
exposure of catalytic active sites. After plasma-etching treatment of
TiN-BM, the surface morphology of TiN-PE has no obvious change
compared to its precursor (Fig. S1c, Supporting Information). The N2

adsorption–desorption isotherm results demonstrate that the specific
surface area (SSA) of TiN-PE is obviously higher than that of the pristine
TiN (Fig. S2, Supporting Information). Fig. 1a shows the XRD patterns
of pristine TiN, TiN-BM and TiN-PE. All samples exhibit diffraction
peaks at 36.7, 42.7, 61.9, 74.1 and 78.2°, corresponding to the (111),
(200), (220) (311) and (222) planes of cubic phase TiN (JCPDS No. 87-
0628) [23]. Interestingly, it is found that the (200) diffraction peak at
42.7° for TiN-BM becomes obviously broad and corresponding peak
intensity is decreased compared to the pristine TiN, possibly owing to
the decrease in particle sizes of TiN and the introduction of oxygen
atoms into TiN structure after ball-milling treated TiN exposed to air.
Similar results can be also obtained for TiN-PE sample, moreover, the
(200) diffraction peak position happens to a shift toward low angle
direction, possibly ascribed to the enlarged lattice spacing resulted from
the introduction of larger atomic radius of elements (e.g., O atoms) after
plasma-etching treated TiN-BM exposed to air (Fig. 1b) [24]. Fig. 1c
shows the high-resolution TEM image of TiN-PE, exhibiting well-re-
solved lattice fringes of 0.251 nm and 0.229 nm indexed to the (111)
and (200) plane of TiN, respectively. The selected area electron dif-
fraction patterns of TiN-PE further indicate its good crystalline property
(Fig. 1d). Similar results can be also achieved for the pristine TiN and

TiN-BM samples, as shown in Fig. S3 (Supporting information). The
electrochemical impedance spectra (EIS) of the samples are shown in
Fig. S4 (Supporting information), and the TiN-PE displays smaller
semicircle diameter at high frequency compared to the TiN and TiN-BM
samples, suggesting its superior charge transfer property.

Fig. S5 (Supporting information) shows the Raman spectra of pris-
tine TiN, TiN-BM and TiN-PE samples. Four characteristic peaks at 130,
235, 377, and 570 cm−1 can be observed for pristine TiN sample,
corresponding to TieO vibration, low-frequency scattering caused by
acoustical phonons from vibrations of the heavy Ti ions, and vibration
aroused from optical phonons of the lighter N ions [25]. It can be seen
that except for slightly enhanced characteristic peak intensity at
130 cm−1 due to TieO vibration [26], other peak intensity of TiN-BM is
slightly decreased compared to pristine TiN. This trend becomes more
evident for TiN-PE, possibly attributed to the introduction of O atoms
into TiN lattice and the removal of N atoms from TiN structure after
ball-milling and plasma-etching treatments. The obviously improved
peak intensity of TieO vibration for TiN-PE indicates that the plasma-
etching treatment may facilitate the formation of titanium oxynitride
(TiOxNy) through surface oxidation of TiN, favourable for efficient NRR
[16]. The above results can be further confirmed by the XPS analysis.
Fig. S6 (Supporting information) shows the surface survey XPS spectra
of pristine TiN, TiN-BM and TiN-PE samples, indicating the presence of
Ti, N and O elements. Moreover, the N content is slightly decreased
from 26.3 at.% for TiN to 23.0 at.% for TiN-BM, while the O content is
slightly increased from 44.3 at.% for TiN to 46.8 at.% for TiN-BM (Table
S2 and Fig. S7, Supporting information). Similar phenomenon can be
also observed for TiN-PE, in which the N content obviously decreases to
18.5 at.% and the O content dramatically increases to 49.5 at.% (Table
S2 and Fig. S8, Supporting Information). The above XPS analysis results
indicate that the ball-milling and plasma-etching treatments result in
surface oxidized TiN to facilitate the formation of TiOxNy phase,
moreover plasma-etching approach is more effective for the introduc-
tion of high content of O atoms into TiN structure. The presence of
TieOeN bond in these three samples can be also further confirmed by
the high-resolution Ti 2p and N 1s spectra. The Ti 2p XPS spectra (Fig.
S7 a–c, Supporting information) indicate that the peaks at binding en-
ergies of 456.9 eV and 462.3 eV for these three samples are ascribed to
the TieOeN bonds [27]. The peak at binding energy of 396.2 eV in N 1s
XPS spectra can be attributed to the formed titanium oxynitride for
these three samples (Fig. S7 d–f, Supporting Information) [28,29].
Based on the charge neutral principle assuming that the oxidation state
of Ti in TiN is +3 [27,30], the formula of the formed TiOxNy in pristine
TiN, TiN-BM and TiN-PE is therefore estimated to be TiO0.16N0.89,
TiO0.36N0.76 and TiO0.63N0.58, respectively. Recently, Xu et al. have
theoretically and experimentally proven that only surface N atoms that
are adjacent to a surface O atom in the vanadium oxynitride phase are
active for facilitating the conversion of NRR to NH3 through the
Mars–van Krevelen mechanism [16], indicating that the NRR activity of
transition metal nitride is highly dependent on the O content in its
oxynitride phase. In this study, higher O content in TiO0.63N0.58 of TiN-
PE compared to TiN and TiN-BM samples may mean its higher NRR
activity.

The above XPS results have demonstrated that the plasma-etching
treatment can facilitate the formation of titanium oxynitride on the
surface of ball-milling treated commercial TiN, possibly beneficial for
NRR. We therefore evaluated the NRR activities of pristine TiN, TiN-BM
and TiN-PE catalysts. All electrochemical experiments were performed
in 0.1M Na2SO4 solution (pH=3.2) using a sealed three-electrode
configured two-compartment cell under Ar or N2 atmosphere. Fig.
S9a–c (Supporting Information) shows the linear sweep voltammetry
(LSV) curves of TiN, TiN-BM and TiN-PE in Ar- and N2-saturated 0.1M
Na2SO4 solution (pH=3.2) with a scan rate of 10mV s−1. Compared to
TiN and TiN-BM catalysts, the TiN-PE exhibits obviously enhanced
cathodic current density in N2-saturated 0.1M Na2SO4 solution (Fig.
S9d, Supporting Information), indicating its higher NRR activity. Our
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initial experimental results have demonstrated that only NH3 product
without N2H4 can be detected using the indophenol blue method (Fig.
S10, Supporting Information) and the Watt and Chrisp method (Fig.
S11, Supporting Information), respectively [31,32].

We first investigated the influence of the applied potential (vs. RHE)
on the NH3 yield rate and corresponding Faradaic efficiency (FE) using
TiN-PE catalyst in N2-saturated 0.1M Na2SO4 solution with 1 h NRR. As
shown in Fig. 2a (corresponding current density–time curves provided
in Fig. S12, (Supporting Information), the largest NH3 yield rate and
highest FE can be obtained to be 3.32× 10−10mol s−1 cm−2

(4.1 mg h−1 gcat.−1) and 9.1% at −0.6 V (vs. RHE) for the TiN-PE, and

more negative potential results in apparently enhanced cathodic cur-
rent densities (Fig. S12, Supporting information) but significantly de-
creased NH3 yield rate and FE, mainly due to the competitive hydrogen
evolution reaction (HER) [22]. The durability test for 12 h NRR mea-
surement of the TiN-PE catalyst was performed at −0.6 V (vs. RHE),
indicating good durability for NRR (Fig. S13, Supporting Information).
The recycling stability testing results using TiN-PE catalyst (1 h NRR for
each experiment) demonstrate that the NH3 yield rate and FE have no
obvious change, suggesting its high stability of NRR (Fig. 2b). The
control experimental results manifest that no NH3 product is detectable
in blank solution and open-circuit condition (Fig. 2c), suggesting the

θθ

Fig. 1. (a) XRD patterns and (b) enlarged (200) diffraction peaks of pristine TiN, TiN-BM and TiN-PE, (c) High-resolution TEM image and (d) corresponding selected
area electron diffraction patterns of TiN-PE.

×

×
×

Fig. 2. (a) NH3 yield rate (bar chart) and Faradaic
efficiency (pentagram) of TiN-PE at different poten-
tials under N2-saturated 0.1M Na2SO4 solution. (b)
Recycling stability test of TiN-PE under N2-saturated
0.1M Na2SO4 solution. (c) UV–vis absorption spectra
using the indophenol blue determination method
under different conditions. (d) NH3 yield rate (bar
chart) and Faradaic efficiency (pentagram) using
TiN, TiN-BM and TiN-PE catalysts in Ar- and N2-sa-
turated 0.1M Na2SO4 solution. (For interpretation of
the references to color in this figure legend, the
reader is referred to the web version of this article.)
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produced NH3 from the NRR catalyzed by the TiN-PE. However, the
NH3 product can be apparently detected using TiN-PE catalyst in Ar-
saturated 0.1M Na2SO4 solution (Fig. 2c), possibly meaning its NRR
process via the Mars–van Krevelen mechanism [33]. We also compared
the NH3 yield rate and corresponding FE obtained at −0.6 V (vs. RHE)
in Ar- and N2-saturated 0.1M Na2SO4 solution with 1 h NRR using
pristine TiN, TiN-BM and TiN-PE catalysts. As shown in Fig. 2d, the NH3

product is detectable for these three catalysts in Ar-saturated electro-
lyte, further suggesting their Mars–van Krevelen NRR mechanism
[22,33]. Comparatively, the NH3 yield rate and FE are significantly
improved for TiN-PE catalyst in N2-saturated 0.1M Na2SO4 solution
(Fig. 2d), ascribed to the formed titanium oxynitride active phase with
high O content [22].

The superior NRR performance of TiN-PE catalyst can be also illu-
strated by the N2 temperature-programmed desorption (N2-TPD) mea-
surement. As shown in Fig. 3a, the TiN-PE catalyst exhibits the stron-
gest desorption peak of N2 concentrated at 285 °C among all
investigated catalysts, indicating its strong adsorption capability to-
ward N2, favourable for NRR [34]. To further confirm the NRR process
of TiN-PE catalyst following the Mars–van Krevelen mechanism, we
first conducted the time-dependent experiment of NH3 yield rate in Ar-
saturated 0.1M Na2SO4 solution for a certain reaction time (180min),
then sequentially in N2-saturated 0.1M Na2SO4 solution for another
180min. The results (Fig. 3b) show that with increasing reaction time,
the NH3 yield rate initially slowly enhances in Ar-saturated electrolyte,
and then achieves a stable status after 60min with a NH3 yield rate of
6.61×10−11mol s−1 cm−2. It was believed that the formed NH3 in Ar-
saturated electrolyte is mainly from the active phase of titanium oxy-
nitride of TiN-PE catalyst, namely, the surface N atoms in titanium
oxynitride of TiN-PE were reduced to NH3 through the hydrogenation
process and simultaneously generate N vacancies for subsequent ad-
sorption and activation of N2 via the Mars–van Krevelen mechanism
[22]. Interestingly, it can be seen that when N2 was introduced into the
electrolyte to replace Ar after 180min, the NH3 yield rate obviously
increases with reaction time, reaching 3.95× 10−10mol s−1 cm−2

with a reaction time of 180min. After 250min, the increase in NH3

yield rate becomes gradually slow, mainly attributed to the surface

oxygen of titanium oxynitride may loss during NRR leading to the
formation of inactive TiN phase [6]. The above results demonstrate that
the NRR process of TiN-PE assuredly complies with the Mars–van
Krevelen mechanism. This can be also further confirmed by the isotopic
labeling experiments using 15N2 as the feeding gas (the enrichment of
15N is 99%). The 1H NMR (nuclear magnetic resonance) spectra
(Fig. 3c) reveal that the primary chemical shift of doublet coupling can
be observed, due to 15N in 15NH4

+ (the enrichment of ~64%), sug-
gesting the formed NH3 primarily from the NRR catalyzed by TiN-PE. In
1H NMR spectra, the weak triplet peaks of 14N in 14NH4

+ (the enrich-
ment of ~36%) is also detectable, and the 14N product may mainly
come from the TiOxNy active phase following the Mars–van Krevelen
mechanism [22,35]. On the basis of the above results and discussions,
we proposed the NRR active mechanism using the TiN-PE with rich
titanium oxynitride active phase, as shown in Fig. 3d. A surface N atom
in the active phase was reduced to NH3 by combining the adsorbed
active hydrogen atoms, and leaves behind a N vacancy; subsequently,
the catalyst can be regenerated by adsorbing and activating N2 mole-
cules, followed by the hydrogenation process for NH3 production
[22,36].

4. Conclusion

In summary, the plasma-etching method has been proven to be very
effective for constructing the titanium oxynitride active species with
high oxygen content for efficient NRR using ball-milling treated com-
mercial TiN as the precursor. This approach may be extended to fab-
ricate other transition metal nitrides with high catalytic active oxyni-
tride phase for high-performance electrosynthesis of NH3 from the NRR
at ambient conditions.
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Fig. 3. (a) N2-TPD profiles of TiN, TiN-BM and TiN-
PE. (b) Time-dependent experiment of NH3 yield
rate conducted first in Ar-saturated electrolyte for
180min and then in N2-saturated electrolyte for
another 180min. (c) 1H NMR spectra for 14NH4

+

and 15NH4
+ in electrolyte using 14N2 and 15N2 as the

feeding gas, respectively. (d) Schematic illustration
of the NRR process through the Mars–van Krevelen
mechanism.

S. Kang, et al. Electrochemistry Communications 100 (2019) 90–95

94



Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.elecom.2019.01.028.
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