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Abstract

MXene-based materials.

Two-dimensional MXene-based materials are potential of presenting unique catalytic performances of electrocata-
lytic reactions. The surface functionalization of MXene-based catalysts is attractive for developing efficient electrocata-
lysts toward nitrogen reduction reaction. Herein, we reported a Ti;C, T, MXene with a medium density of surface func-
tionalized fluorine terminal groups, as an excellent N, reduction reaction electrocatalyst with enhanced adsorption
and activation of N,. The Ti;C,T, MXene catalyst showed a production rate of ammonia as 2.81 x 10~ umol-s~'-cm™,
corresponding to a partial current density of 18.3 pA-cm ™2 and a Faradic efficiency of 7.4% at — 0.7 V versus revers-
ible hydrogen electrode in aqueous solutions at ambient conditions, substantially exceeding similar Ti;C,T, MXene
catalysts but with higher or lower densities of surface fluorine terminal groups. Our work suggests the capability of
developing surface functionalization toolkit for enhancing electrochemical catalytic activities of two-dimensional
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1 Introduction

Artificial nitrogen fixation to ammonia (NH;) plays a
critical role in fabricating agricultural fertilizers and
maintaining the earth’s ecosystems [1-3]. The traditional
NHj; synthesis in industry depends heavily on the Haber—
Bosch process with high temperatures of 350-550 C and
pressures of 150-350 atm [4, 5]. In recent years, new
strategies, such as biological [6], photocatalytic [7] and
electrocatalytic [8-10] approaches, have been reported
for ammonia synthesis. In particular, electrocatalytic
nitrogen reduction reaction (N,RR) can use water as
hydrogen source and proceed in ambient conditions, sug-
gesting an attractive feature of clean ammonia produc-
tion with low carbon footprint [11]. Nevertheless, the
development of N,RR has been largely limited by its low
current densities, limited Faradaic efficiency (FE) values,
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and slow NH; production rates, which are ascribed to the
large reaction energy barriers during NH; adsorption and
activation processes [12]. It is critical to design robust
electrocatalysts that can efficiently adsorb, activate and
convert N, into NH,.

Two-dimensional (2D) materials, such as graphene
[13], metal-organic frameworks [14], black phospho-
rus [15], have been drawing great attention of research-
ers for N,RR, owning to their unique 2D structures and
unconventional chemical properties [16]. MXenes, one
of the novel 2D materials synthesized by selective etch-
ing of the aluminum layers from the precursor MAX
phases [17], have been demonstrated with applications in
supercapacitors [18], batteries [19], and electrochemical
N,RR [20-22]. For instance, Luo et al. [23] reported that
Ti;C,T, MXene on stainless steel mesh functioned as
efficient N,RR electrocatalysts with a FE of 5.78%. On the
other hand, the terminal groups (T,), mainly oxygen (O)-
containing or fluorine (F)-terminations, can be tuned
to affect the electrocatalytic performances of Ti;C,T,
MXene [24]. Previously, density functional theory (DFT)
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calculations suggested that Ti;C, MXene with O-con-
taining terminal groups can combine N, more strongly
than that with F-terminal groups [25]. The bond length
of N, for Ti;C, MXene with F-terminal groups was cal-
culated to be slightly larger than that with O-containing
terminal groups [26]. The computational calculations
also indicated that a moderate proportion of F-termina-
tion on Ti;C,T, MXene was theoretically beneficial to
the adsorption and electrocatalytic activation of nitrogen.
Thus, efforts are needed to develop efficient and tunable
functionalization on the surface of Ti;C,T, MXene to
optimize its N,RR performance and achieve highly selec-
tive NH; production.

Herein, we developed the surface modification of
MXene-based catalysts to optimize the N,RR perfor-
mance. The fluorine-terminal groups on the MXene
surface were modified by treating with different con-
centrations of fluorine-containing acids and subsequent
alkalization. Due to the combined effects including
hydrogenation and N, activation, Ti;C,T, MXene with
a medium F-terminal group density (designated as
Ti,C,T,-medium F) exhibited the optimal electrocata-
lytic N,RR performances. The NH; production rate was
2.81 x 107 pmol-s™!.cm™? in 0.01 M Na,SO, electrolyte
at—0.7 V versus reversible hydrogen electrode in ambi-
ent conditions, corresponding to a FE of 7.4% and a par-
tial current density up to 18.3 pA-cm™2.

2 Experimental

Ti,C,T, MXene nanosheets were synthesized via a
fluorine-containing etching method [27, 28], which
selectively etched the Al layers in Ti;AlC, with fluorine-
containing acid, followed by exfoliating steps to obtain
Ti,C,T, MXene nanosheets. To modify the density of flu-
orine terminal groups on the surface of Ti;C,T, MXene,
different fluorine-containing acids were used. In brief, 2 g
of LiF was dissolved in 20 mL of 6 M HCI solution, and
stirred for 5 min to form a high fluorine-containing acid
environment to prepare the Ti;C,T, MXene with high
surface density of F-terminal groups; while 20 mL of 10%
hydrofluoride acid (HF) was used to obtain a medium
surface density of F-terminal groups. In order to further
reduce the fluorine ratio of the terminal groups on the
MXene surface, Ti;C,T, MXene with medium density of
fluorine-terminal groups was immersed into 0.5 M KOH
solution to replace fluorine terminal groups by hydroxyl
groups.

In our experiments, 1 g of Ti;AIC, MAX precursor was
slowly added into the aforementioned solutions respec-
tively, and the obtained mixture was stirred for 24 h at
room temperature to achieve different surface function-
alization of fluorine or hydroxyl groups. Afterwards, the
resulting solution was washed with deionized (DI) water
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and centrifuged at 3500 rpm for several times until pH
of the solution was 6-7. To prepare few-layer Ti,C,T,
MXene nanosheets, the sediment was then dispersed in
DI water and ultrasonicated for 30 min in ice bath with
Ar gas bubbling. The few-layer Ti;C,T, MXene solu-
tion was then obtained by centrifugation at 3500 rpm
for 30 min. A polyvinyl difluoride (PVDF) membrane
was utilized to filter Ti;C,T, MXene product and the
obtained powder was dried with membrane for 12 h at
room temperature.

3 Results and discussion

The synthesis process of Ti;C,T, MXene nanosheets
included two successive steps [27, 28]: selective etch-
ing of aluminum (Al) layer on MAX phases with a flu-
orine-containing etching method, and delaminating of
MXene layers by sonication (Fig. 1a). After these two
steps of preparation, the original structure of Ti;AIC,
MAX phase (Additional file 1: Fig. S1) was transformed
into few-layer, 2-dimensional Ti;C,T, MXene (Fig. 1b).
The surface of Ti;C,T, MXene was covered by different
terminal groups, mainly including O-containing groups
(e.g.—O,—OH) and fluorine groups [29]. Energy-disper-
sive X-ray spectroscopy (EDS) elemental mapping anal-
ysis showed that Ti, C, O, and F elements were evenly
distributed on the obtained Ti;C,T, MXene (Fig. 1c). The
color of few-layer Ti;C,T, MXene appeared as a blackish
green color instead of pure black (Additional file 1: Fig.
S2a), and the Tyndall scattering effect was also observed
(Additional file 1: Fig. S2b). These two empirical phe-
nomena indicated the formation of few-layer, sheet-like
structure of Ti,C,T, MXene.

The X-ray powder diffraction (XRD) pattern exhibited
the characteristic peaks of Ti;C,T, MXene, which dif-
fered greatly from the Ti;AlC, MAX precursor (Fig. 1d).
After etching, the peak (20 ~ 9.28°) on Ti;AlC, MAX
phase exhibited a negative shift to a low angle (20 ~
5.89°), corresponding to the characteristic lattice (002)
plane of Ti;C,T, MXene [30]. No additional peaks were
observed for Ti;C,T, MXene except for the peaks of car-
bon paper. The differences of the XRD patterns between
Ti;C,T, MXene and TizAlC, MAX indicated the success-
ful etching of Al layers from Ti;AlC, MAX phases.

Scanning electron microscopy (SEM) images showed
that all the synthesized Ti;C,T, MXene were 2D sheet-
like structures (Additional file 1: Fig. S3). The ratio of
F-terminal groups to all the surface groups of Ti,C,T,
MXene was measured by EDS profiles (Additional file 1:
Fig. S4), which was calculated as 82% (designated as
Ti,C,T-high F, indicating that it was etched by a high-
concentration fluorinated acid) and 48% (designated
as Ti;C,T,-medium F, indicating that it was etched by
a medium-concentration fluorinated acid). To further
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Fig. 1 a Schematic of the synthesis procedure of the Ti;C,T, MXene. b SEM images of Ti;C, T, MXene. ¢ EDX elemental mapping profiles of Ti;C, T,
MXene with Ti (red), F (purple), C (green), and O (blue) distributions. d XRD spectra of Ti;C,T, MXene loaded on carbon paper (CP)
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decrease the ratio of fluorine groups on the surface of
MXene, an alkalization treatment was conducted to
Ti;C,T,-medium F MXene (Experimental section), and
the fluorine proportion was reduced to 24% (designated
as Ti;C, T -low F).

To investigate the structures of Ti;C,T, MXene with
different amounts of fluoride, Raman and X-ray photo-
electron spectroscopy (XPS) were conducted to quali-
tatively investigate the fluorine ratio in all the terminal
groups. As shown in the Raman spectra (Fig. 2a), the rel-
ative intensity of vibrational modes for Ti,C,T, indicated
the densities of terminal groups on MXene. The Raman
shifts at 205 and 366 cm ™! were respectively associated to
the A;, and E, vibration modes of the C-Ti-O structure.
The Raman peak at 614 cm™' corresponded to the C—
Ti—OH structure [23], and the Raman peak at 706 cm™*
represented the A,, vibrations of carbon. The relatively
large intensity of the characteristic Raman peaks at 205,
614, and 366 cm™' corresponded to the O-containing
terminal groups, and suggested that the densities of
O-terminal groups were in the order of Ti;C,T -low
F>Ti;C,T,-medium F> Ti;C,T,-high F. This trend also
confirmed that the densities of F-terminal groups fol-
lowed the order as: Ti;C,T,-high F>Ti;C,T,-medium
F>Ti,C,T,-low E.

The survey XPS spectra of all the Ti;C,T, MXene sam-
ples with different densities of fluorine terminal groups
exhibited same element peaks (Fig. 2b), which assigned

toF1s,01s, Ti2pand C 1 s, respectively. Among these
samples, Ti;C,T, MXene-high F showed the highest
intensity of F 1 s and the lowest intensity of O 1 s, indicat-
ing the highest ratio of fluorine terminal groups among
these samples, in good accord with the EDX result. The
F 1 s XPS spectra presented two main peaks at 684.5 and
685.9 eV (Fig. 2c), corresponding to the F-Ti and F-C
bonds, respectively. For the O 1 s spectra (Additional
file 1: Fig. S5), the peaks at 529.3, 531.2 and 533.4 eV
were ascribed to C-Ti—O, C-Ti-OH species, and the
adsorbed H,O on the MXene surface. With the increased
concentrations of alkali solutions, the density of C-Ti—O
species on the MXene surface increased and the fluorine
terminal groups decreased. For the Ti 2p XPS spectrum
(Fig. 2d), four doublets were fitted to indicate the valance
and bond structures of Ti. The peaks centered at 454.4
and 460.6 eV referred to Ti>'; the peaks at 455.0 and
461.7 eV were assigned to Ti>"; the peaks at 456.2 and
462.9 eV were associated with the Ti—C bond; the peaks
at 458.4 and 464.3 eV were ascribed to the Ti—O bond;
and the peak at 459.5 eV was attributed to the Ti—F
bond. The relative intensities of Ti—O and Ti—F bonds
also indicated that the fluorine terminal group density on
the MXene surface followed the order of Ti;C,T,-high
F>Ti,C,T,-medium F > Ti,C, T -low F.

The capability of different F-terminating surface func-
tionalizations of Ti;C,T, MXene for enhancing the
N,RR catalytic activity was then investigated. All the
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electrochemical tests were conducted in N,-saturated
0.01 M Na,SO, electrolyte, and all the potentials pre-
sented in this work were converted as values versus
reversible hydrogen electrode (RHE). The linear sweep
voltammetry (LSV) curves of Ti;C,T, MXene with dif-
ferent proportions of fluorine terminal groups were
recorded (Fig. 3a). The experimental overpotentials
of Ti;C,T, MXene displayed the following order of
Ti,C,T,-high F>Ti,C,T,-medium F>Ti;C,T,-low F at
—-10 mA-cm ™2 current density, which was associated with
the hydrogenation step during electrochemical reduc-
tion. Owning to the different densities of F-termination
on the MXene surface, the hydrogenation step could
be inhibited [31]. The Ti;C,T,-high F sample had the
highest density of fluorine terminal groups, resulting in
the inhibition of H" adsorption [32] and eventually the
decline of N,RR activity. In contrast, Ti;C,T -low F had
a low density of fluorine terminal groups and abundant
O-containing termination, and presented the highest

hydrogen evolution reaction (HER) performance but low
N, adsorption and activation capabilities. In comparison,
Ti;C, T -medium F MXene had a medium density of flu-
orine terminal groups, and presented the highest N,RR
electrocatalytic activity.

The Ti;C,T,-medium F MXene catalyst was further
tested in both Ar-saturated and N,-saturated electrolytes
(Fig. 3b). The current density in N,-saturated electro-
lyte (red curve) exceeded that in Ar-saturated electro-
lyte (black curve) in the voltage range between—0.4
and — 0.8 V, indicating the occurrence of electrochemical
N,RR on the catalyst surface. Both the chronoampero-
metric tests and the salicylic acid indicator method were
adopted to determine the amount of produced NH;. All
the yields of ammonia were calculated from the stand-
ard curves (Additional file 1: Fig. S6). In addition, each
experiment was also conducted in Ar-saturated electro-
lyte to serve as the background. The corrected rate of
NH; yield (YR, ecteq) Was calculated from the following
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equation: YR .cted=YRn2 — YR,,. The NH; yield rate
from Ti;C,T,-medium F MXene was calculated based
on the corresponding UV-Vis absorption spectra at the
potential range between —0.4 and -0.8 V (Fig. 3c). The
value of average background (YR,,) was calculated as (2.
03+0.2) x 10~ umol-s .cm™2 As shown in Fig. 3d, the
maximum FE for NH; production by Ti;C,T ,-medium F
MXene was 42.7% at —0.5 V, while the highest NH; par-
tial current density after background correction was 18.3
pA-cm™2 at —0.7 V, corresponding to an FE of 7.4% and
the NH, production rate of 2.81 x 10~ umol-s*-cm™2
The chronoamperometry curves and the correspond-
ing UV-Vis absorption spectra over Ti;C,T, MXene
with different densities of F-terminal groups at all
applied potentials were displayed (Additional file 1:
Fig. S7). Compared to Ti;C,T, MXene counterparts
with higher or lower surface densities of fluorine ter-
minal groups (i.e., Ti;C,T,-high F and Ti;C,T,-low
F), the Ti;C,T,-medium F MXene catalyst covered
with medium fluorine terminal group density exhib-
ited the highest N,RR catalytic performance (Fig. 4a,
b). The corrected NH; yield rate (YR rectea) With
TiyC,T,-medium F catalyst (2.81 x 10> pmol-s'-cm™?)

was 1.6 and 1.7 times higher than that of Ti;C,T,-high
F (1.75x107° pmol-s~hcm™) and Ti;C,T,-low F
(1.67 x 107> pmol-s~1-.cm™2) at —0.7 V.

The electrochemical stability of the Ti;C,T,-medium
F MXene catalyst was further interrogated. As shown
in Fig. 4c, the total electrolysis current density in
N,-saturated electrolyte was maintained relatively sta-
ble over 18 h. Moreover, cycling test of six continuous
times was conducted, and the corresponding chrono-
amperometric measurements and UV-Vis absorption
spectra were examined after each cycle (Additional file 1:
Fig. S7e, f). Both of NH; production rate (2.67+0.16 x
107> pmol-s:cm™2) and the FE values (7.5%+0.5%)
were within the error range of 7.4% after the continuous
chronoamperometric measurement for 6 times, with 1 h
of measurement each time (Fig. 4d), which suggesting the
excellent durability of Ti,C,T,-medium F MXene. Fur-
thermore, the XRD patterns of Ti;C,T, MXene before
and after electrochemical nitrogen reduction reaction
were also displayed (Additional file 1: Fig. S8), the unvar-
ied peak position of XRD patterns also testified the sta-
ble crystal phases and structure of Ti;C,T, MXene. Thus,
Ti;C,T,-medium F MXene with a medium density of
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Fig. 4 aThe ammonia production rates and b partial current densities of NH; production of Ti;C,T, MXene samples with different surface densities
of fluorine terminal groups. € Chronoamperometry curve of TizC,T,-medium F MXene for 18 h under —0.7 V. d The NHj yield rate (left y-axis) and
Faradaic efficiency (right y-axis) of Ti;C,T,-medium F MXene at 0.7 V for 6 times

surface fluorine terminal groups was demonstrated as an
optimal catalyst for N,RR.

4 Conclusions

In summary, we demonstrated the surface functionaliza-
tion of fluorine terminal groups on MXene to tune the
N,RR catalytic activity at ambient conditions, in which
different densities of surface fluorine terminal groups
allowed to affect the capability of N, adsorption and
activation. The Ti;C,T, MXene catalyst with a medium
F-termination proportion (Ti;C,T,-medium F) showed
the optimal N,RR activity, with the highest NH; yield
rate of 2.81 x 107 pmol-s~!-cm™2 at —0.7 V, substantially
exceeding that of Ti;C,T,-high F and Ti;C,T -low F. Fur-
ther study and development of surface functionalization
toward N, adsorption and activation can serve as a pow-
erful toolkit for improving artificial N, fixation.
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