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a b s t r a c t

Electrochemical synthesis of ammonia has the advantages of low energy consumption and promising

environmental protection, as compared to the traditional Haber-Bosch process. However, the commercial

utilization of this novel system is limited by the low Faradaic efficiency, poor ammonia yield and high

overpotential due to the strong N≡N bond and the dominant competing reaction of hydrogen evolution

reaction (HER). Herein, a BiOCl-modified two-dimensional (2D) titanium carbide MXenes nanocomposite

(BiOCl@Ti3C2Tx) is proposed as a promising electrocatalyst for ambient nitrogen (N2) reduction reaction

with excellent catalytic performance and superior long-term stability at low overpotential. In 0.1 mol/L

HCl, this catalyst attains a high Faradic efficiency of 11.98% and a NH3 yield of 4.06 μg h−1 cm−2 at

−0.10 V (vs. RHE), benefiting from its strong interaction of Bi 6p band with the N 2p orbitals, combined

with its large specific surface area and the facile electron transfer.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ammonia (NH3) is an important industrial raw material, which

has been widely used in agriculture, industry, energy storage and

other fields [1–3]. At present, approximately 160 million metric

tons of NH3 is produced by using the traditional Haber-Bosch pro-

cess, which converts high purity N2 and H2 to NH3 under high

temperatures (400–600 °C) and high pressures (200–300 atm),

leading to significant energy consumption and CO2 emissions [4,5].

Therefore, the energy crisis and man-made climate change warn

us to explore more sustainable and economical techniques for NH3

production.

Electrochemical N2 reduction reaction (NRR) is a promising al-

ternative method that can potentially synthesize NH3 under am-

bient conditions [6–8]. However, the robust N≡N bond, the ex-

tremely weak N2 adsorption and the dominant competing reac-

tion of hydrogen evolution reaction (HER) lead to low Faradaic

efficiency (FE), unsatisfied ammonia yield and high overpoten-

tial, which limit this novel system from its possible commercial

utilization [9]. Although substantial progress has been made in

this cutting-edge research field, efficient electrocatalysts for NRR
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are still in demand [10–16]. Bi-based materials, including metal

Bi nanoparticles [17], Bi ultrathin nanosheets [18], bismuth ox-

ide [19] and Bi4V2O11/CeO2 hybrid [20], exhibit many promising

features such as non-toxic, environment-friendly and unique elec-

tronic structure [21], endowing them with attractive electrochemi-

cal and photocatalytic N2 reduction potential [22,23]. Studies have

shown that the excellent NRR performance of bismuth is attributed

to its strong interaction of Bi 6p band with the N 2p orbitals,

which facilitates the N2 adsorption and activation [24,25]. As an

important bismuth-based halide, BiOCl has widely been used in

photochemistry fields due to its remarkable electrical, optical and

catalytic properties, as well as excellent stability [26], but it has

been rarely used in electrocatalytic NRR partly due to the in-

convenient electrons and protons transformation. Among diversi-

fied catalytic performance improvement strategies [27–29], mul-

ticomponent strategy is expected to be a simple and effective

method, which can enhance the NRR performance of electrocata-

lysts through reasonable combination of diverse functional compo-

nents.

In this communication, BiOCl-modified Ti3C2Tx MXene

(BiOCl@Ti3C2Tx) was synthesized as a highly efficient electro-

chemical nitrogen fixation material via in-situ hydrothermal

growth of BiOCl on the Ti3C2Tx (see Supporting information for
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Fig. 1. (a) XRD patterns of BiOCl@Ti3C2Tx and Ti3C2Tx. SEM images of (b) Ti3C2Tx
and (c) BiOCl@Ti3C2Tx. (d) HRTEM image of BiOCl@Ti3C2Tx; (e) EDS elemental map-

ping images of BiOCl@Ti3C2Tx.

preparation details). The as-obtained BiOCl@Ti3C2Tx is superior

in NRR activity to its two components under ambient conditions.

Ti3C2Tx, as a new kind of two-dimensional (2D) materials, has

been widely used in batteries [30], supercapacitors [31], solar cells

[32] and other fields due to its excellent conductivity, stability

and large specific surface area [33–36]. As reported, Ti3C2Tx also

has NRR activity, which could enhance the electron transfer of

BiOCl and serve as a robust support to prevent structural changes

during electrochemical processes. The NH3 yield and Faradaic

efficiency (FE) of BiOCl@Ti3C2Tx at −0.10 V versus reversible

hydrogen electrode (RHE) were 4.06 μg h−1 cm−2 and 11.98% in

0.1 mol/L HCl, respectively, which are significantly higher than

those obtained by BiOCl (1.05 μg h−1 cm−2 and 1.88%) and Ti3C2Tx
(2.26 μg h−1 cm−2 and 2.43%). Remarkably, this newly designed

catalyst also showed good selectivity and electrochemical stability.

The crystalline phase of the obtained BiOCl@Ti3C2Tx was stud-

ied using an X-ray diffraction (XRD). As shown in Fig. 1a, the char-

acteristic diffraction peak at 9.0° can be assigned to the (002) crys-

tal plane of Ti3C2Tx [37], and the peaks appearing at 12.0°, 25.9°,
32.5°, 33.4°, 40.9°, 46.6°, 49.7°, 54.1° and 58.6° are indexed to the

(001), (101), (110), (102), (112), (200), (113), (211) and (212) planes

of BiOCl (JCPDS No. 06–0249) [38], respectively, indicating the suc-

cessful preparation of BiOCl@Ti3C2Tx.

A typical scanning electron microscopy (SEM) image (Fig. 1b)

shows the etched Ti3C2Tx flakes with a distinct accordion shape

and smooth layers separated mostly from each other, indicat-

ing the successful removal of Al layer from the Ti3AlC2 (MAX)

phase. After the hydrothermal reaction, the surface of the as-

synthesized BiOCl@Ti3C2Tx becomes rough due to the coating of

BiOCl nanoparticles as shown in Fig. 1c. The BiOCl nanoparticles,

with the particle size of approximately 20 nm, uniformly deposited

on the surface of the layered Ti3C2Tx. This layered structure en-

Fig. 2. (a) Survey scan, and (b–f) high-resolution XPS spectra of Ti 2p, C 1s, O 1s,

Bi 4f and Cl 2p for BiOCl@Ti3C2Tx nanocomposites.

ables sufficient infiltration of the electrolyte and better exposure of

active sites to N2, and thus yielding a satisfactory electrocatalytic

NRR activity. Moreover, the high-resolution transmission electron

microscopy (HRTEM) image (Fig. 1d) shows an interplanar spac-

ing of 0.274 nm, indexed to the (110) plane of BiOCl. Furthermore,

the energy dispersive X-ray spectroscopy (EDS) elemental mapping

analysis of BiOCl@Ti3C2Tx further confirms the uniform distribu-

tion of Bi, Ti, C, O and Cl elements throughout the catalyst (Fig. 1e).

The loading contents of Bi and Ti were 6.47 wt% and 21.78 wt%,

respectively, as measured by inductively coupled plasma atomic

emission spectrometry (ICP-AES).

X-ray photoelectron spectroscopy (XPS) was employed to study

the elemental composition and chemical state of the materials. All

binding energies were calibrated against C 1s at 284.8 eV. The

survey spectrum of BiOCl@Ti3C2Tx composites suggest that the Ti,

C, O, Bi and Cl elements exist in the composite (Fig. 2a), which

is in excellent agreement with the XRD and EDS mapping. The

high-resolution Ti 2p spectrum of BiOCl@Ti3C2Tx (Fig. 2b) could

be fitted with three doublets (Ti 2p3/2–Ti 2p1/2) [39]. The peaks

located at 454.7 eV and 455.9 eV correspond to Ti 2p3/2 bind-

ing energies of Ti–C and Ti(II) bond, respectively. The Ti 2p1/2 of

the BiOCl@Ti3C2Tx lied in 460.6 eV and 461.5 eV are consistent

with the bonds of Ti–C and Ti(II), respectively. While the peaks

at 458.9 eV and 465.0 eV correspond to the Ti 2p3/2 and Ti 2p1/2

binding energies of the Ti–O bonds, which are due to the presence

of abundant hydrophilic functionalities (–O and –OH) after etching

by HF [40–42]. In addition, Fig. 2c shows the XPS spectrum of the

C 1s region, where the peaks of 281.5, 284.8, 286.4 and 288.1 eV

can be associated with the Ti–C, C–C, C–O and HO–C=O bonds, re-

spectively [43–45]. The three peaks at 529.9, 530.9 and 532.6 eV

in the O 1s region (Fig. 2d) can be attributed to the Bi–O, Ti–O,

and the oxygen containing components (H2O and –OH) adsorbed

on the surface of BiOCl and Ti3C2, respectively [46,47]. In Fig. 2e,

the peaks at 164.8 and 159.5 eV can be assigned to Bi 4f5/2 and

Bi 4f7/2, respectively, which can be attributed to Bi3+ [43,48]. In
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Fig. 3. (a) Time-dependent current density curves at various potentials in N2-saturated 0.1 mol/L HCl. (b) Comparison of the ammonia-sensitive selecting electrode and

indophenol blue reagent-based colorimetric method for the quantitative analysis of ammonia yield. (c) NH3 yields and FEs of BiOCl@Ti3C2Tx/CC for the NRR at various

potentials. (d) Amount of NH3 with different electrodes at −0.10 V after 2 h electrolysis under ambient conditions.

Fig. 2f, two peaks at 199.7 and 198.1 eV belong to Cl 2p1/2 and

Cl 2p3/2, respectively, confirming the existence of Cl− [49,50]. The

SEM, EDS, TEM, ICP-AES and XPS results confirm that the layered

2D composite, BiOCl@Ti3C2Tx, was successfully prepared.

Electrocatalytic NRR experiments were conducted in a

two-compartment electrochemical cell separated by a Nafion

membrane (Fig. S2 in Supporting information). The catalysts,

BiOCl@Ti3C2Tx, BiOCl, Ti3C2Tx, were coated on carbon cloth (CC)

(1 cm × 1 cm) (BiOCl@Ti3C2Tx/CC, BiOCl/CC, Ti3C2Tx/CC) with

a loading of 0.1 mg as the working electrode. The NRR tests

were conducted in 0.1 mol/L HCl under ambient conditions.

All potentials were reported on the RHE scale. The produced

NH3 were determined by the indophenol blue method [51] and

ammonia-sensitive selecting electrode method [52]. The possible

by-products (N2H4) were tested by the method of Watt and Chrisp

[53]. Figs. S3, S4, and S6 (Supporting information) display the

calibration curves for the NH3 concentrations. Fig. S7 (Supporting

information) shows the linear sweep voltammetry (LSV) curves

for BiOCl@Ti3C2Tx/CC in Ar- and N2-saturated 0.1 mol/L HCl so-

lution. It is clearly seen that the BiOCl@Ti3C2Tx/CC achieved a

high current density in N2-saturated solution, indicating the NRR

process on the electrode. A series of potentials from −0.20 V to

0.00 V (vs. RHE) were applied to evaluate the NH3 yields and

FEs. Fig. 3a shows the time-dependent current density curves of

BiOCl@Ti3C2Tx/CC at different potentials in N2-saturated 0.1 mol/L

HCl. The ultraviolet-visible (UV-vis) absorption spectra of various

electrolytes (Fig. S8 in Supporting information) indicates that the

NRR is produced at various potentials. In addition, the concen-

trations of the NH3 were also determined by ammonia-sensitive

selecting electrode method to confirm the reliability of colorimet-

ric method. As shown in Fig. 3b, the NH3 yields are very close to

those obtained by indophenol blue method, indicating that it is

reliable to use the indophenol blue method for the quantitative

analysis of the produced NH3.

The NH3 yields and FEs of the BiOCl@Ti3C2Tx/CC at various

potentials are calculated and have been summarized in Fig. 3c.

As observed, the maximum values of NH3 yield and FE were

determined to be 4.06 μg h−1 cm−2 and 11.98% at −0.10 V

(vs. RHE), respectively. This NRR catalytic performance of the as-

prepared BiOCl@Ti3C2Tx nanocomposite can even be comparable

to the yields achieved by some metal-MXene hybrid nanocata-

lysts at higher overpotential (e.g., Ru@MXene (NH3 yield rate of

2.3 μmol h−1 cm−2 at −0.4 V (vs. RHE) in 0.1 mol/L KOH elec-

trolyte) [54], Mo2C/C (NH3 yield rate of 11.3 μg h−1 mg−1 at −0.3 V

(vs. RHE) in 0.5 M Li2SO4 electrolyte) [55] and Ti3C2Tx/FeOOH (NH3

yield rate of 0.53 μg h−1 cm−2 at −0.5 V (vs. RHE) in 0.5 mol/L

Li2SO4 electrolyte) [56]). In addition, it should be noted that this

work realized the high efficiency ammonia production catalyzed

by bismuth-based materials at a low potential of −0.1 V for the

first time. It can be observed that when the applied potential be-

comes more negative, the NH3 yield and FE decrease owing to

the competitive HER [57,58]. Notably, the by-product N2H4 was

hardly detected (Fig. S9 in Supporting information), indicating that

the BiOCl@Ti3C2Tx possessed excellent selectivity toward NH3 pro-

duction. We further quantified the amount of NH3 produced on

blank CC, BiOCl/CC, Ti3C2Tx/CC and BiOCl@Ti3C2Tx/CC to verify

the activity of BiOCl@Ti3C2Tx. As shown in Fig. 3d, the bare CC

has necessitous electrocatalytic NRR activity, while the BiOCl/CC

and Ti3C2Tx/CC are active for the NRR, producing 1.05 and 2.26

μg h−1 cm−2 of NH3, respectively. Indeed, the BiOCl@Ti3C2Tx/CC

exhibited greatly enhanced electrocatalytic NRR activity producing

8.12 μg h−1 cm−2 of NH3, which is about 3.9 times higher than that

of BiOCl/CC and 1.8 times greater than that of Ti3C2Tx/CC, suggest-

ing that both BiOCl and Ti3C2Tx work synergistically to catalyze the

N2 fixation.

The superior NRR activity of BiOCl@Ti3C2Tx nanocomposites is

attributed to the following points: (1) MXene as an ideal support

owing to its large specific surface area can fully load BiOCl and

avoid aggregation of BiOCl, thus exposing more active sites; (2) The

strong interaction between the Bi 6p band of semiconducting BiOCl

and the N 2p orbitals can effectively restrain the HER activity of

Ti3C2Tx, and thereby achieving high FEs; (3) The double-layer ca-

pacitance measurement demonstrates that the BiOCl@Ti3C2Tx pos-

sesses a much larger capacitance and thus exposes more electro-

chemically active surface area (Fig. S10 in Supporting information).

Finally, Ti3C2Tx substrate has an excellent electrical conductivity
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Fig. 4. (a) UV-vis absorption spectra of the electrolytes stained with the indophe-

nol indicator after NRR electrolysis using BiOCl@Ti3C2Tx/CC for 2 h under different

conditions. (b) NH3 yields and FEs for BiOCl@Ti3C2Tx/CC with alternating 2 h cy-

cles between Ar- and N2-saturated electrolytes. (c) Time-dependent current density

curve for the BiOCl@Ti3C2Tx catalyst at −0.10 V for 12 h. (d) Recycling stability tests

on BiOCl@Ti3C2Tx/CC at −0.10 V for 5 times.

favoring for rapid electron transport in the NRR process, resulting

in a higher NH3 yield rate.

To confirm that the produced NH3 was generated via NRR, we

executed control experiments in an Ar- and N2-saturated solution

at −0.10 V for 2 h, as well as in N2-saturated solution at open cir-

cuit potential for 2 h, respectively. The UV-vis absorption spectra

show that the NH3 was produced only in the N2-saturated solution

(Fig. 4a). We also carried out 12 h cycling test with an interval of

2 h in N2- and Ar-saturated solution at −0.10 V (Fig. 4b). Fig. 4b

further confirms that the produced NH3 primarily generated from

the catalysis of N2. The durability and stability are also crucial in-

dicator to estimate the performance of electrocatalysts. As shown

in Fig. 4c, the current density shows no obvious difference dur-

ing 12 h catalysis at −0.10 V. During cycling test over five times,

both the NH3 yield and FE show negligible change (Fig. 4d). Both

the compositions and BiOCl nature of the BiOCl@Ti3C2Tx could be

well maintained after the long-term electrocatalysis reaction when

comparing SEM, TEM (Fig. S11 in Supporting information) and XPS

images (Fig. S12 in Supporting information) before and after the

reaction, demonstrating the excellent electrochemical durability of

the BiOCl@Ti3C2Tx for the NRR, which is another crucial factor for

the enhancement of NRR performances.

In conclusion, BiOCl-modified Ti3C2Tx MXene is used as an ef-

ficient electrocatalyst for N2-to-NH3 with a high FE at a low over-

potential. In 0.1 mol/L HCl, the BiOCl@Ti3C2Tx nanocomposite can

achieve a NH3 yield rate of 4.06 μg h−1 cm−2 with FEs of 11.98%

at −0.10 V vs. RHE. Meanwhile, BiOCl@Ti3C2Tx shows superior sta-

bility and high selectivity. The high performance of the obtained

BiOCl@Ti3C2Tx toward NRR could be ascribed to the sufficient ex-

posure of active catalytic sites of Bi and Ti, the inhibition of HER

by Bi. Both BiOCl and Ti3C2Tx synergistically enhance the NRR per-

formance. This study provides a new avenue for the development

and design of Bi-based catalysts as advanced electrocatalysts for

artificial N2 reduction.
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