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Abstract: Full-spectrum photofixation of N, with remarkable NH; production rate of 228 pmol/(g-h) was achieved by
W atoms doped Ti;C, T, MXene (W/Ti;C,T,-U) catalyst without sacrificial agents at room temperature. The effects of
W doping and ultrasonic intercalation of Ti;C,T, MXene were studied. Scanning transmission electron microscope,
electron spin resonance spectra, X-ray photoemission spectroscopy, UV-Vis spectrophotometer, temperature
programmed adsorption analyzer and density functional theory calculation were used to characterize the obtained
catalysts. Results showed that Ti;C,T, MXene harvested ultraviolet-visible and near-infrared light to generate hot
electrons. In addition, the doped W atoms played an effective role in adsorbing and activating N, molecules by donating
electrons to the anti-bonding orbital of N, molecules to elongate the bond length of N=N.
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1 Introduction

Ammonia (NHj3) is one of the most significant
chemical products in modern society, as the
fertilizer originating from NHj directly contributes
to sustaining food production for billions of people
around the world. Due to the inertness of nitrogen
molecules (N,), the reduction of N, by H, over
iron-based catalysts through Haber-Bosch process
is among the biggest energy hogs in chemical
industry, consuming ~2% of the world’s annual
energy supply [1,2]. Photofixation of N, in water
paves a novel avenue to environmentally friendly
production of NH; by using natural sunlight as the
driving force. Owing to the diligent efforts of a

variety of researchers, semiconductors and hybrid
materials have been successfully applied in N,
photoreduction [3—11]. In order to simultaneously
reduce N, and oxidize H,O, the conductor band (CB)
of semiconductors is thermodynamically required to
locate more negative than the reduction potential of
N, (9®°(No/NH;3)=—0.05V (vs NHE)), while the
valence band (VB) should locate more positive than
the oxidation potential of H,O (p°(H,0/0,)=1.23 V
(vs NHE)) [12,13]. Accordingly, only the part of
sunlight with enough photonic energy to overcome
band gap is able to be efficiently harvested by
semiconductors towards the N, photoreduction
(Fig. 1(a)). In order to elevate the utilization
efficiency of sunlight, building partial occupied
band (POB) by introducing foreign atoms is an
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Fig. 1 Schematic illustration of electronic structures of semiconductors (a), doped semiconductors with POB (b),
plasmonic metals/semiconductor hybrid materials (c), and W/Ti;C,T,-U (d) (Due to the quality of both ultrathin
two-dimensional and plasmonic materials, W/Ti;C,T,-U realized full-spectrum responses of light)

attractive strategy (Fig. 1(b)). The POB enables
both the VB-to-POB and POB-to-CB transitions,
allowing the photo-excitation by the photons
with energy lower than the bandgap [14,15].
Unfortunately, POB also serves as a recombination
site for photo-generated electron-hole pairs to
reduce the separation efficiency of electron-hole
pairs. Besides, electron localization by the states of
POB also leads to additional thermal activation
for the transition process, further reducing the
possibility of POB-to-CB transition [16—19].
Construction of hybrid materials is another strategy
to realize full-spectrum photofixation of N,. For
example, integration of the semiconductor with
plasmonic metals (e.g., Au, Ag and Cu nanocrystals)
efficiently extends the spectral range of harvesting
sunlight in N, photofixation [20—24]. Although hot
electrons are generated over plasmonic metals, the
existence of Schottky barrier between plasmonic

metals and semiconductors hampers the
transformation of hot electrons from plasmonic
metals to semiconductors (Fig. 1(c)) [25-27].
Therefore, developing highly active photocatalysts
to realize full-spectrum photofixation of N, is
urgently desired but challenging.

Serving as a new family of two-dimensional
transition metal carbides, carbonitrides, and nitrides,
MXenes have attracted tremendous attention due to
their excellent performance in renewable energy
applications. Interestingly, MXenes have been
recently discovered to exhibit impressive optical
and plasmonic properties associated with their
ultrathin-atomic-layer  structure  [28—30]. In
particular, Ti;C,T, MXene (T stands for the surface
termination groups like —OH, —F, and —O, etc.)
exhibits impressed plasmonic property in Vis-NIR
region theoretically and experimentally [31-34].
Due to the quality of two-dimensional and
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plasmonic materials, MXenes are potential
candidates for full-spectrum photocatalysts towards
N, photofixation by integration of highly active
sites.

Herein, we successfully realized full-spectrum
photofixation of N, with remarkable -catalytic
activity by doping W atoms into Ti;C,T, MXene
(W/Ti3C,T,-U). Ultraviolet-NIR (UV-NIR) light is
harvested by Ti;C, T, MXene to generate hot
carriers, while N, molecules are adsorbed and
activated on the W atom sites (Fig. 1(d)).
Impressively, an excellent NH; production rate
of 228 umol/(g-h) in pure water at room
temperature (RT) was achieved by W/Ti;C,T,-U
under UV-NIR light irradiation. Further mechanistic
studies revealed that doped W atoms directly
promoted the adsorption and activation of N,
molecules by donating electrons to the anti-bonding
orbital of N, molecules to elongate the bond length
of N=N.

2 Experimental

2.1 Materials and chemicals

W, Al powders, Nessler’s reagent, hydrofluoric
acid (HF, >40%), dimethyl sulfoxide (DMSO) and
potassium sodium tartrate (PST) were purchased
from Sinopharm Chemical Reagent Co., Ltd.
Sodium nitroprusside, sodium citrate, NaOH,
phenol, methanesulfonic acid, TiC, and TiH,
powders were obtained from Shanghai Macklin
Biochemical Co., Ltd. Commercial Cu-SSZ-13
zeolite catalyst was obtained from Kaite Co., Ltd. in
Tianjin, China. The high purity argon (Ar,
>99.999%) and high purity nitrogen (N,, >99.999%)
were ordered from Saizhong Specail Gas Co., Ltd.
All aqueous solutions were prepared using ultrapure
water with a resistivity of 18.2 MQ-cm. All solvents
and chemicals are analytically pure.

2.2 Preparation of Ti;AlC, and W/Ti;AlC,
Ti;AlC, powder was synthesized by mixing
7.484 g of TiC powder, 3.118 g of TiH, powder, and
1.855g of Al powder (the molar ratio of
TiC:TiH,:Al was 2:1:1.1) for 10 h in a ball mill at
the speed of 600 r/min. The mixed powders were
then heated in a high temperature atmosphere
resistance furnace to 1400 °C with a heat-up speed
of 5°C/min under a flow of Ar, followed by
maintaining at 1400 °C for 2 h and then furnace

cooling to RT [35]. Then the obtained Ti;AlC,
block was ground to pass through a 38 pum sieve to
gain Ti;AIC, powder. The preparation method of
W/Ti;AlC, powder was similar to that of Ti;AlC,
powder, except that W powder was added and the
amount of TiH, powder was reduced during the ball
milling process. In a typical synthesis procedure,
W/Ti;AlC, powder was synthesized by mixing
7.484 g of TiC powder, 2.931 g of TiH, powder,
0.690 g of W powder and 1.855g of Al powder (the
molar ratio of TiC:TiH,:W:Al was 2:0.94:0.06:1.1)
in a ball mill. The ball milling time and ball milling
speed are consistent with the preparation process of
Ti3AlC,. Then the mixed W/Ti;AIC, precursor
powder was also heated to 1400 °C with a heat-up
speed of 5°C/min under a Ar flow in a high
temperature atmosphere resistance furnace and kept
at 1400 °C for 2 h, then cooled to RT in the furnace.
Finally, the W/Ti;AlC, powder was obtained by
grinding the W/Ti;AlC, block to pass through a
38 um sieve. The as-synthesized Ti;AlC, powder
was characterized by X-ray diffraction (XRD), all
the diffraction peaks confirmed the formation of
pure Ti;AIC, phase (PDF No. 52—0875). The XRD
pattern of W/Ti;AlC, powder was the same as that
for Ti;AlC, powder (Fig. 2).
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Fig. 2 XRD patterns of TizAlC, and W/Ti;AlC,

2.3 Preparation of Ti;C,T,-NU, W/Ti;C,T,-NU,

Ti;C,T,-U and W/Ti;C,T,-U

Al species in Ti3AlC, and W/Ti3AlC, powders
were selectively etched by immersing 2.0 g of
Ti;AIC, or W/Ti;AIC, powders in 30 mL HF
solution, and then magnetic stir at RT for 20 h.
After that, the suspension liquid was centrifuged
and washed with ultrapure water utill the pH rose
to 6.0. Subsequently, the etched powders were
centrifugally seperated and dried under vacuum at
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80°C for 8h to obtain Ti;C,T.-NU (NU: not
ultrasonicated in DMSO) and W/Ti;C,T,-NU,
respectively. In a typical synthesis procedure
for Ti;C,T,-U (U: ultrasonicated in DMSO) and
W/Ti;C,T,-U, the obtained Ti;C,T,-NU and
W/T1;C,T,-NU powders immersed
respectively in 30 mL of DMSO and magnetic
stirred at RT for 24 h, then sonicated for 2 h.
Subsequently, the as-obtained powders
washed and collected by suction filtration with
ethyl alcohol and water. Finally, the filtered
products were vacuum dried at 80 °C for 8 h to gain
Ti3C,T,-U and W/Ti;C,T,-U, respectively. Figure 3
showed the XRD patterns of Ti;C,T,-NU,
Ti3C2Tx-U, W/Tlg.Csz-NU and W/Ti3C2Tx-U. The
XRD pattern of W/Ti;C,T,-U MXenes was quite
similar to that of Ti3C,T,-U MXenes, indicating that
no new crystalline phase was generated during
whole synthetic process after doping W atoms. In
addition, the XRD peaks of the treated Ti;C,T,-U
and W/Ti;C,T,-U were all shifted to lower angles
corresponding to higher cell parameter c.

WwWere

Were

2.4 Elimination of NO, in catalyst and raw gas

In order to eliminate nitrate (NOs) or nitrite
(NO,) from obtained catalysts and raw gas, and to
further verify the origin of the ammonia, we
conducted purification experiments over catalyst
and raw gas [36,37]. All the obtained catalysts were
purified by annealing in a tubular furnace under Ar
atmosphere at 500 °C for 4 h [38]. The elimination
containing nitrogen in the raw '*N,, ’'N;, and Ar gas
was performed in a fixed bed reactor. Typically, 5 g
of commercial Cu-SSZ-13 catalyst was put into the
reactor. The system was then heated to 350 °C with
a heating rate of 10 °C/min and kept at 350 °C with

a "N, "N, or Ar flow rate of 30 mL/min [39].
The purified gas was collected for further detection
or reaction via the gas outlet of the fixed bed
reactor.

2.5 Detection of NO, species

To begin with nitrate (NO3) or nitrite (NO;)
ion, standard curves were calibrated by ion
chromatograph method through a series of KNO; or
KNO, solution with incremental concentration of 0,
0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 1, 1.5, and 2 pg/mL. In
the NO; or NO; ion detecting process, 0.24 mol/L
of sodium carbonate solution and 0.3 mol/L of
sodium bicarbonate solution were used as the anion
eluent solution with a flow rate of 1 mL/min. The
self-regenerating suppressor (SRS) current was set
to be 36 mA and the chromatographic column
temperature was kept at 35 °C. In order to calibrate
the peak area vs concentration profile, 0.15 mL of
standard KNO; or KNO, solution was injected
into an ion chromatograogy through the 25 pL
quantitative injection loop to acquire analyte
peak for NO, anions. Based on the obtained
chromatograms, we plotted the profile of peak areas
vs NO;3; or NO, anion concentration of standard
KNO; or KNO, solution. Linear correlations with
R*=0.998 and R?=0.999 were obtained for NO; and
NO,, respectively (Fig. 4).

To quality the NO; and NO,; in the obtained
catalyst, 10 mg of catalysts were added into 10 mL
of ultrapure water and magnetically stirred for
30 min. Subsequently the catalysts were removed
from the liquid sample using a disposable syringe
filter. Then 0.15 mL of filtrate was injected into an
ion chromatograogy. No NO, ions were detected on
purified catalysts.
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Fig. 3 XRD patterns (a) and magnified XRD patterns (b) of Ti3C,T,-NU, Ti;C,T,-U, W/Ti3C,T,-NU and W/Ti;C,T,-U
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Fig. 4 Spectra of ion chromatography for KNO; solution with different concentrations (a), standard curve of

concentration vs peak area of NOj in ion chromatography spectra (b), spectra of ion chromatography for KNO, solution
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spectra (d)

To quality the NO5 and NO; in the "*N, and Ar
gas, 20 mL of ultrapure water were bubbled with
commercial *N, or Ar at a flow rate of ~30 mL/min
for 20 min without any catalysts. Then, 0.15 mL of
"N, or Ar saturated solution was injected into an
ion chromatograogy. No NO, ions were detected in
the purified "N, and Ar gas. As for the
identification of NO3 and NO3 in the '°N,, the gas
flow rate reduced to ~15 mL/min due to the high
cost of "°N,. Finally, 0.15 mL of >N, saturated
solution was injected into an ion chromatograogy.
No NO, ions were detected in the purified 5N,

2.6 Photocatalytic tests

All photocatalytic reactions were conducted in
a 100 mL glass reaction reactor. In a typical
reaction, 20 mL of ultrapure water and 10 mg of
purified photocatalysts were added into the reactor.
The mixture was sonicated for 5 min to disperse the
catalysts evenly in water and then bubbled with
purfied N, with a flow velocity of ~30 mL/min for

20 min. Subsequently, the mixture was agitated
on a magnetic stirrer accompanied by the irradiation
of xenon lamp (Perfectlight PLS-SXE300)
at 250 mW/cm® under full-spectrum. After the
reaction was over, the generated NHj in the reaction
solution was spectrophotometrically analyzed by
Nessler’s reagent colorimetry. In order to test the
stability of W/Ti3C,T,-U, the first round of testing
was performed as above method. After the reaction,
the reaction suspension was immediately filtered
with suction. The precipitated catalysts were
sonicated with ultrapure water and filtered again
with suction. Then, the wused -catalysts were
subjected to go through the next catalytic cycle and
repeated the process.

2.7 Nessler’s reagent colorimetry

For the estimation of generated ammonia, we
calibrated the Nessler’s regent standard curve
through the Nessler’s regent and a series of
ammonia solutions with incremental concentration
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(0.11, 0.44, 0.66, 0.88, 1.1, 2.2, 3.3, 44 and
5.5 ug/mL, respectively). Firstly, 25 g of PST was
diluted to 50 mL with ultrapure water by using a
volumetric flaskto to obtain PST solution (0.5 g/mL,
denoted as PST-0.5). Then, 0.5 mL of PST-0.5 was
added into 10 mL of standard ammonia solution.
Then, 0.5 mL of Nessler’s reagent was injected to
the mixture and kept the solution at 25 °C for 30
min. Finally, 3 mL of the mixture solution was
taken out into a UV-Vis spetrophptpmeter to test the
absorbance intensity at 420 nm (Fig. 5(a)). We
plotted the relationship curve between the
concentration of standard solution and the
absorbance (Fig. 5(b)).

In order to eastimate the generated NH; during
photocatalytic process, the reaction solution was
centrifuged to remove the catalysts, and 0.5 mL of
PST-0.5 was added into 10 mL of reaction filtrate,
followed by the injection of 0.5 mL of Nessler’s
reagent to the mixture. The mixture was kept at
25 °C for 30 min, and 3 mL of the mixture solution
was taken out into a UV-Vis spectrophotometer to
test the absorbance intensity at 420 nm. The ammonia
concentration of the reaction solution was obtaind
according to the Nessler’s regent colorimetry
standard curve and the light absorbance at 420 nm.

2.8 Indophenol blue colorimetry

0.5 g of sodium nitroprusside, 2.4 g of NaOH
and 14.7 g of sodium citrate were diluted to 49.50,
10.00 and 50.00 mL with ultrapure water to obtain
sodium nitroprusside solution (1 wt.%, Solution A),
NaOH solution (6.0 mol/L, Solution B) and sodium
citrate solution (1.5 mol/L, Solution C), respectively.
Then, 3 mL of Solution A, 6.5 mL of Solution B,
and 5 mL of phenol solution (6.05 mol/L) were

1.2
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—
—_— ]
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02—
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added into 50 mL of Solution C. After magnetic
stirring the mixture at RT for 15 min, indophenol
blue regent was acquired and stored at 5 °C.
Meanwhile, a series of standard ammonia solutions
with incremental concentration (0.11, 0.44, 0.66,
0.88, 1.1, 2.2, 3.3, 4.4 and 5.5 pg/mL, respectively)
were prepared by dilution method. To calibrate the
standard curve for NH; detection, 1 mL of NaCIO
solution (0.05 mol/L) and 1 mL of indophenol blue
regent were successively added into 10 mL of
standard ammonia solution. The mixture was kept
at 25°C for 30 min, then 3 mL of the mixture
solution was taken out into a UV-Vis spectro-
photometer to test the absorbance intensity at
641 nm (Fig. 6(a)). Then, we plotted the
relationship curve between the concentration of the
standard solutions and the absorbance value at
641 nm, where a linear correlation with R*=0.998
was acquired (Fig. 6(b)).

In order to quantify the NH; generated after
the reaction, 10 mL of reaction solution after
centrifugation to remove catalyst was mixed
with 1 mL of NaClO (0.05 mol/L) and 1 mL of
indophenol blue regent. After keeping the mixture
at 25 °C for 30 min, 3 mL of the coloured solution
was drawn out into a UV-Vis spectrophotometer
to test the absorbance intensity at 641 nm. The
ammonia concentration of the reaction solution was
obtained according to the indophenol blue
colorimetry standard curve and light absorbance at
641 nm.

2.9 Ton chromatograph method

In the process of detecting NHZ, 4.5 mmol/L of
methanesulfonic acid was used as the cation eluent
solution with a flow rate of 1 mL/min. The self-

b
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Fig. 5 UV-Vis absorption spectra of ammonia solutions after adding Nessler’s reagent (a), and standard curve for NHj

detection with Nessler’s reagent (b)
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regenerating suppressor (SRS) current was set
to be 75mA and the chromatographic column
temperature was kept at 35 °C. In order to calibrate
the peak area vs concentration profile, 0.15 mL
of standard NH4Cl solution with a series of
incremental NHZ cations concentration (0.03, 0.05,
0.10 and 0.20 umol/mL, respectively) was injected
into an ion chromatograogy through the 25 uL
quantitative injection loop to acquire analyte peak
for NHZ cations (Fig. 7(a)). Based on the obtained
chromatograms, we plotted the profile of peak areas
vs NH,4" concentrations of standard NH,Cl solution
(Fig. 7(b)).

In order to determine the quality of NHj;
generated during the photocatalysis process, we
centrifuged the reaction solution to remove the
catalysts and used the same method to analyze
25 uL of reaction solution. According to the
standard curve and peak areas of detected NHZ
cations, the generated ammonia concentration was
acquired. It is worth noting that the
methanesulfonic acid in cation eluent liquid ensured
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the transfromation of the NH; in the reaction
solution to NH,  cation for detecting by ion
chromatograph.

2.10 '"H-NMR method

Proton nuclear magnetic resonance (‘'H-NMR)
spectroscopy was also used in the quantification of
the genetared NH;. For the calibration of standard
relation curve of concentration vs peak area of 'H-
NMR spectrum, 14, 54, 80, 107 and 160 pg of
“NH,CI were respectively added into a mixture of
20 pL of ultrapure water and 0.6 mL of dg-DMSO.
The obtained samples were measured by 'H NMR
spectroscopy. The obtained 'H-NMR (400 MHz)
spectra  of “NH,Cl solution with different
concentrations were displayed in Fig. 8(a). Then we
drew the curve of concentrations of standard
solution vs the area of Peak 1 (Fig. 8(b)). For the
NH; quantitative analysis of the reaction solution,
we added 20 mL of uptralpure water and 10 mg of
purified photocatalysts into a 100 mL glass reaction
reactor. The mixture was sonicated for 5 min to
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Fig. 6 UV-Vis absorption spectra of ammonia solutions after adding indophenol blue solution (a), and standard curve

for NH; detection with indophenol blue method (b)
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disperse the catalysts evenly in water, then bubbled
with purified N, at a flow velocity of ~30 mL/min
for 20 min. Subsequently, the suspension was
agitated on a magnetic stirrer accompanied by
irradiation of xenon lamp under full spectrum for
30 min. Before the 'H-NMR measurement, we
centrifugally separated the catalysts from the
mixture, followed by adjusting the pH of the
reaction solution to 2 with a few drops of
hydrochloric acid. Then, the obtained solution
was concentrated to about 20 ulL and mixed with
0.6 mL de-DMSO to acquire N labelled reactant
solution. After that, the obtained "N labelled
reactant solution was analyzed by 'H-NMR
spectroscopy (400 MHz). The concentration of
“NH,CI was calculated according to the standard
curve and the peak area of '“NH,CI in 'H-NMR
spectra.

14 pg NH,CI 1 (a)
54 pg NH,CI

80 pg NH,CI

107 pg
NH,CI

160 pg
NH,C1

75 74 73 72 7.1 70 69 6.8
Chemical shift/107¢
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S [«
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0 2I0 4IO 6I0 8I0 I(I)O léO léllO 16I0 180
Mass of NH,Cl/pg
Fig. 8 '"H-NMR (400 MHz) spectra of "“NH,CI solution
with different concentrations (a), and standard curve of
mass of "“NH,CI vs peak area of “NH,Cl in 'H-NMR
(400 MHz) spectra (b)

2.11 N isotope labelling experiments
For the wverification of the N source of
synthetic ammonia, we conducted "N isotope

labeling experiments. In a typical "N isotope
labeling experiment, 20 mL of ultrapure water and
10 mg of purified photocatalysts were added into
the 100 mL glass reaction reactor. Subsequently, we
charged and discharged the reaction reactor with
0.4 MPa of high-purity Ar, then pumped the
reaction reactor to vacuum. Next, we charged
0.2 MPa of '°N, into the reaction bottle, rather than
bubbled purified "N, for 20 min due to the high
cost of "’N,. The remaining irradiation steps were
the same as above photocatalytic reaction steps.
After the reaction was over, the reaction solution
was collected by suction filtration. We used
hydrochloric acid to adjust the pH value of the
filtrate to 2 and concentrated the solution to about
20 pL. Then, 0.6 mL of d6-DMSO was added into
the solution and the obtained sample was measured
by 'H-NMR spectroscopy.

2.12 Detection of O,

A FULI 9790 II -GC equipped with a thermal
conductivity detector (TCD) was wused for
determination of O,. For the calibration of standard
relation curve of volume vs peak area, 10, 20, 30,
40, 50, 80, and 100 puL of O, were respectively
injected to the gas chromatography (GC) using a
gastight syringe (Hamilton, 1000 pL). We drew the
profile of peak area vs the volume of O,, where a
linear correlation with R’=0.9963 was acquired
(Fig. 9). In order to estimate the generated O,
during photocatalytic process, a 100 mL glass
reactor equipped with gas sample was employed. In
a typical reaction, 20 mL of ultrapure water and
10 mg of purified photocatalysts were added into
the reactor. The mixture was sonicated for 5 min
and then bubbled with purfied N, with a flow
velocity of ~30 mL/min for 20 min. Subsequently,
the reaction flask was sealed and left to stand in
dark for 30 min. Before light irradiation, 0.2 mL of
the gas was extracted from the reactor to determine
the amount of residual O,. After light irradiation,
the gaseous products (0.2 mL) from the reactor
were taken out at regular intervals for analysis.

2.13 Apparent quantum
measurements

The photocatalytic reaction used to determine

AQE was counduted in a quartz top-radiation

reactor. Diverse monochromatic LED lights

centered on 490, 535, 595, 630 and 740 nm (Perfect

efficiency (AQE)



Qi LI, et al/Trans. Nonferrous Met. Soc. China 32(2022) 233—-250 241

(a)

O,/ _0.10mL
_0.08 mL
. —0.04 mL
0.02 mL
/ N2
, \0.01 mL ,
3.0 3.5 4.0 45 5.0
Time/min
70
(b)
60}
g 50+
)
© 40}
=}
<
S 30t
< ( ]
-~
2 y=684.67x-6.2155
£ 201 R2=0.9963
10}

0 0.02 0.04 006 0.08 0.10 0.12

Volume of O,/mL
Fig. 9 Chromatograms of O, with different volumes (a),
and plot of O, volume vs peak area (b)

light, PLS-LED100B) were used as the light source.
The AQEs (#) under different monochromatic LED
lights were calculated by

3N 3ngy. N
p=e J2TN PN A g gy, (1)

N, N,  WAt/(hv)

where Nyu,, N, and N, represent numbers of the
generated NH;, the incident photons, and the
reacted electrons, respectively; W, 4 and ¢ represent
the light intensity, irradiation area and time,
respectively; v represents the light frequency; 4 is
Planck constant; N, is the Avogadro’s constant.

2.14 Photoelectrochemical measurement

The initial ITO glass was cut into small pieces
of 2 cm x 1.2 cm, then ultrasonically washed with
acetone (30 min), ethanol (30 min) and H,O
(30 min), respectively. 10 mg of catalysts were
added into 0.1 mL of ethanol, followed by
sonication for 30 min to make the catalysts evenly
dispersed. The as-obtained suspension liquid was
dropwise added onto two pieces of 2 cm x 1.2 cm

ITO glasses. Then, the obtained ITO glasses
were dried under vacuum at 80 °C for 6 h. The
photoelectrochemical experiments were conducted
on a Squidstst Plus electrochemical station
(Admiral Instruments) at RT by using standard
three-clectrode method. NaCl aqueous solution
(0.5 mol/L) was used as the electrolyte. The
working electrode, counter electrode and reference
electrode are modified catalyst-coated ITO glass, a
Pt foil and a Ag/AgCl electrode, respectively.

2.15 DFT calculations

All calculations were performed by using the
plane wave density functional theory (DFT) code
VASP [40]. The projector-augmented wave
(PAW) [41] with the generalized gradient
approximation (GGA) refined by Perdew, Burke
and Ernzerhof (PBE)[42] was used as well. During
geometry optimization, the convergence of energy
and forces were set to be 1 x 10~ eV and 0.02 eV/A,
respectively. The energy cutoff was set to be 450 eV.
Spin unrestricted calculation was applied in all
cases. A vacuum distance was set to be 15 A in
order to eliminate the interactions between layers
and their neighboring layers. All structures were
optimized by using a Monkhorst—Pack grid of 4 x
4 x 1, which have a=9.08 A, »=9.08 A. GGA+U
method was used with U.s=3 eV for Ti 3d orbitals.
The substrates were cleaved with four layers and
the bottom two layers were fixed. The Van der
Waals interaction was calculated by the DFT-D3
method [43].

2.16 Instrumentations

The XRD patterns were collected by a Rigaku
X-ray diffractometer (Rigaku, MiniFlex 600) with
Cu K, radiation (A=1.54178 A). The morphology
was characterized by scanning electron microscopy
(SEM, Quanta FEG 250). TEM and HAADE-
STEM images were obtained on a field-emission
transmission  electron  microscope  (JEOL,
ARM—200F) which was operated at an acceleration
voltage of 200 kV. Electron spin resonance (ESR)
spectra were carried out on an ESR spectrometer
(JEOL, JES-FA200) at 298 K. X-ray photoemission
spectroscopy (XPS) experiments were implemented
at BL10B beamline in the National Synchrotron
Radiation Laboratory (NSRL) in Hefei, China. The
UV—Vis absorption experiments were carried out
on a double beam UV-Vis spectrophotometer
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(Persee, TU—-1901). The temperature-programmed
desorption of N, (N,-TPD) tests were conducted on
temperature programmed adsorption analyzer (Vodo,
VDsorb—91i). Elimination of NO, in raw gas was
conducted on a fixed bed reactor (Vodo,
VDRT-200SMT). 'H-NMR spectroscopy was
collected on a 400M Nuclear Magnetic Resonance
spectroscopy (AVANCEIII 400M). NH," cation was
decected by the ion chromatograph (SHINE,
CIC-D120). The inductively coupled plasma optical
emission spectrometry (ICP-OES) experiments
were implemented on a plasma spectrometer
(SPECTRO, SPECTRO BLUE SOP).

3 Results and discussion

3.1 Characterization of photocatalysts

At the beginning, Ti;AIC, powder was
synthesized by ball milling of TiC, TiH,, and Al
precursor powders followed by calcination and

Ball-milling

grinding [35]. W/Ti;AlC, powder was prepared by
the procedure similar to that for Ti;AlC, powder,
except adding W powder in the ball milling process
as well as reducing the amount of TiH, powder
(Fig. 10(a)). Further selectively etching Al layers
from Ti;AlC, and W/Ti;AlC, powders by HF at RT
for 20 h, Ti;C,T,-NU and W/Ti;C,T,-NU MXenes
with the accordion-like morphology were obtained
(Figs. 10(b, c)). After the treatment of Ti;C,T,-NU
and W/Ti;C,T,-NU MXenes with DMSO and
ultrasonication insequence, two-dimension materials
of Ti,C,T,-U and W/Ti:C,T,-U MXenes were
prepared (see Figs. 10(d, e)). The nanosheet
morphology of W/Ti;C,T,-U was well characterized
by the HAADF-STEM as displayed in Figs. 10(f)
and (g). Figure 10(g) exhibited a magnified
HAADEF-STEM of W/Ti;C,T,-U. Isolated W atoms,
which were observed as bright spots, were
uniformly dispersed in W/Ti;C,T,-U MXene. In
addition, a scheme of atomic columns was depicted

Sintering W/T13AIC2
§ 
=
W/Ti;C, T, nanosheets
Sonication
Aj

|

DMSO intercalation

Fig. 10 Schematic illustration of synthetic procedure for W/Ti;C,T,-U (a), SEM images of Ti;C,T,-NU (b) and
W/Ti;C,T,-NU (c), HAADF-STEM images of Ti;C,T,-U (d) and W/Ti;C,T,-U (e, f), and magnified HAADF-STEM
image of W/Ti3C,T,-U (g) (Schematic columns of atoms are overlaid on the magnified experimental image (inset image

in (g))
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by directly overlaying on the experimental
HAADF-STEM image for better comparison (inset
image in Fig. 10(g)). The orange dot of W atom was
exactly located at the lattice plane walls of the blue
columns of Ti atoms rather than in the spacings
between them. As such, the isolated W atoms were
stabilized in the Ti vacancies by substitution,
consistent with the synthetic procedures by slightly
decreasing the amount of TiH, for W/Ti;AlC,
powder. Furthermore, the metallic molar fractions
of W element in W/Ti;C,T,-NU and W/Ti;C,T,-U
MXenes were determined as 2.0% and 1.9% by
ICP-OES, respectively. Based on the above results,
we successfully doped W atoms into Ti;C,T,
MXenes by facilely adjusting the molar ratio of W
to TiH, in precursor powders. More importantly, the
simplicity of this doping procedure allowed us to
prepare catalysts in large scale, where up to 1.39 g
of W/Ti;C,T,-U MXenes was prepared in one
procedure.

We further explored the electronic properties
of as-obtained samples in detail. Figure 11(a)
showed the O 1s XPS spectra, four peaks could be
fitted into surface adsorbed oxygen species (O*) at
533.1 eV, OH groups at 532.0 eV, oxygen vacancies
(OVs) at 531.0 eV and the surface oxygen atoms
bonded to titanium atoms (denoted as surface
O—Ti species) at 529.7 eV, respectively [44,45].
Apparently, the O 1s spectrum of Ti;C,T,-NU was
quite similar to that of W/Ti;C,T,-NU. As for
Ti;C,T,-U  and W/Ti;C,T,-U, the peaks for
surface O—Ti species and OVs were significantly
strengthened. The presence of OVs was further
proved by ESR spectroscopy. As shown in
Fig. 11(b), Ti;C,T,-U and W/Ti;C,T,-U revealed
strong features with g value of 2.001, which was
assigned to the OVs occupied by electrons [46]. No
such signal attributed to OVs was detected for
Ti3C2Tx-NU and W/TI3C2TX-NU

Figure 12(a) showed the XPS spectra of Ti 2p,
which was fitted into three major components
including Ti—C at 460.8 and 455.0 eV, Ti—O at
464.4 and 458.5 eV, and Ti—F at 461.9 and 457.8 €V,
respectively [44,47]. Apparently, peaks of Ti—O
for Ti;C,T,-U and W/Ti;C,T,-U were significantly
strengthened relative to these for Ti;C,T,-NU
and W/Ti;C,T,-NU. The C1s XPS spectra of
as-obtained samples are displayed in Fig. 12(b).
The peaks located at 280.6 and 281.2 eV are
assigned to C 1s of Ti—C bond on the surface of
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Ols 533.} OHSZI‘I.%_Ti
R |
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TiCTANU e
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Binding energy/eV
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(b) Ti,C,T,-NU

Ti,C,T,-U

W/Ti,C,T,-NU

W/Ti;C,T,-U

1.96 1.98 2.00 2.02 2.04
g value

Fig. 11 O 1s XPS spectra (a) and ESR signals (b)
of Ti3C2Tx-NU, Ti3C2Tx-U, W/Ti3C2Tx-NU, and
W/Ti;C,T,-U

the prepared samples. The peaks at 284.6 and
288.3 eV are attributed to C=—C and C—Ti—O
bond, respectively [48,49]. Compared with
Ti3C,T,-NU and W/Ti;C,T,-NU, the Ti—C bonds
of Ti;:C,T,-U and W/T1;C,T,-U showed a clear
negative shift in binding energy of about 0.6 eV.
Meanwhile, the peaks for Ti —C — O were
significantly strengthened, which indicated the
formation of Ti;C,0O, moieties after the intercalation
and ultrasonic treatment. As for the XPS spectra of
W 4f, the signal of both W/Ti;C,T,-NU and
W/Ti;C,T,-U could be fitted into W*", W*', and W°*
species (Fig. 12(c)) [50,51]. Thus, W atoms in
W/Ti;C,T,-NU and W/Ti;C,T,-U were mainly in
the oxidized state.

3.2 Catalytic performance in N, photofixation
For the estimation of catalytic performances of

the obtained catalysts towards N, photofixation, the

generated NH; was measured by spectrophotometry
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with Nessler’s regent. A blank test was conducted
with merely N, saturated ultrapure water under the
irradiation of Xenon lamp, no NH; was detected. In
addition, no product was observed without light
irradiation, replacing H,O with CH;CN or replacing
N, with Ar (Table 1).

Figure 13(a) illustrated the NH; production
rate over Ti;C,T,-NU, Ti;C,T,-U, W/Ti;C,T,-NU,
and W/Ti;C,T,-U catalysts under full spectrum
irradiation. The NH; production rates were 8.9, 14.5,
and 64.4 pmol/(g-h) for Ti;C,T,-NU, Ti;C,T,-U,
and W/Ti;C,T,-NU, respectively. When the
reaction was catalyzed by W/Ti;C,T,-U, the NH;
production rate reached 227.5 umol/(g-h). The
excellent catalytic performance of W/Ti;C,T,-U
was rechecked by the combination of ion
chromatography, indophenol blue colorimetry and
'"H NMR. The comparable result confirmed the
reliability of the ammonia detection by Nessler’s
reagent colorimetry (Table 2 and Fig. 13(b)).

The origin of NH; was further verified by "
isotope labeling experiment. As shown in Fig. 3(b),
the doublets of "NH," were clearly observed for
isotopic labelled sample, indicating that the "N,

served as the N source of synthetic ammonia. We
further investigated the catalytic performance of
W/Ti;C,T,-U under monochromatic light with
different wavelengths. W/Ti;C,T,-U exhibited
favorable activity for N, photocatalytic fixation in
the full-spectrum region of sunlight (Fig. 13(c)).
NH; production rate of 43.6 pmol/(g-h) was still
achieved by W/Ti;C,T,-U after being irradiated by
monochromatic LED lights centered at 630 nm.
When we changed the light source to mono-
chromatic LED lights centered at 740 nm, the NH;
production rate of W/Ti;C,T,-U achieved
28.0 umol/(g-h). For the evaluation of light
utilization  efficiency of W/Ti;C,T,-U, we
conducted the wavelength-dependent AQE tests
by measuring the amount of generated NHj;
(Fig. 13(d)). Specifically, the AQEs of W/Ti;C,T,-U
were 0.05%—0.15% in UV-Vis and NIR
wavelengths. More importantly, we explored the
stability of W/Ti;C,T,-U by analyzing the catalytic
performance over successive rounds of reaction
(Fig. 13(e)). W/Ti3C,T,-U was able to maintain
catalytic activity >90% for ten rounds of reaction.
We also performed long-term test for W/Ti;C,T,-U,
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Fig. 12 Ti 2p (a) and C 1s (b) XPS spectra of TizC,T,-NU, Ti;C,T,-U, W/Ti;C,T,-NU and W/Ti;C,T,-U, and W 4f XPS

spectra of W/Ti;C,Tx-NU and W/Ti;C,T,-U (¢)

Table 1 Photocatalytic N, fixation over W/Ti;C,T,-U under various reaction conditions”

Calalyst Atmosphere Solvent Light NHj; production
No N, H,O Full-spectrum N.D.”
W/Ti;C,T,-U N, H,O Without light N.D.”
W/Ti;C,T,-U N, CH;CN Full-spectrum N.D.”
W/Ti;C,T,-U Ar H,0 Full-spectrum N.D.”

9 Reaction condition: catalyst 10 mg, light intensity 250 mW/cm?, solvent 20 mL, reaction time 0.5 h, and "H-NMR method was used to

quantify the generated NH;; ” N.D. represents not detected
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Fig. 13 NH; production rates over Ti;C,T,-NU, Ti;C,T,-U, W/Ti;C,T,-NU and W/Ti3C,T,-U, under irradiation of full
spectrum (a), 'H-NMR (400 MHz) spectra of solution after photocatalytic N, fixation by using W/Ti;C,T,-U as
photocatalyst in '*N, and "N, atmosphere (b), photocatalytic NH; production rates over W/Ti;C,T,-U under
monochromatic light irradiation (c), calculated AQEs for N, fixation over W/Ti;C,T,-U under monochromatic light
irradiation (d), NH; production rates of W/Ti;C,T,-U over course of ten rounds of successive reaction (e), and amount
of generated NH; over W/Ti;C,T,-U at different time intervals under irradiation of full spectrum (f)

where NH; gradually generated by prolonging
reaction time and up to 154.5 pmol NH; was
produced after 4 h (Fig. 13(f)). In addition, the
generated O, during N, photofixation was also

measured over W/Ti;C,T,-U. The generation of
NH; was accompanied with the production of O,,
proving that N, reduction by hot electrons coupling
the oxidation of water by hot holes (Fig. 14).
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Table 2 Calculated ammonia production rates based on
different detection methods during N, photofixation over
W/Ti;,C,T,-U

. NH ti t
Detection method 3 production rate/

(umol-g "-h™
Nessler’s reagent 227.5
Indophenol blue 265.3
Ion chromatograph 227.5
'H-NMR (400 MHz) 201.5

3.3 Role of W atom and Ti;C,T,.-U

To investigate the causes of superior N,
photocatalytic reduction performance of W/Ti;C,T,-
U, we conducted the UV-Vis, photoelectrochemical,
and N, TPD experiments to research the property of
obtained catalysts. As shown in diffuse reflectance
UV-Vis spectra of obtained samples (Fig. 15(a)),
Ti;C,T,-NU and Ti;C,T,-U exhibited absorption
of both the UV-Vis and NIR range of 300—770 nm.
After doping by W atoms, W/Ti;C,T,-NU and
W/Ti;C,T,-U showed even stronger absorption

ability at ~550 and ~720 nm relative to that for

Ti;C,T-NU  and Ti;C,T,-U.  Estimated by
Kubelka—Munk function, the band gaps of
Ti3 Csz—NU, T13 Csz-U, W/ T13 Csz-NU and

W/Ti;C,T,-U were 1.32, 1.37, 1.40 and 1.44 eV,
respectively. It showed that both W atom doping
and ultrasonic intercalation result in an increase in
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band gap of ~0.05eV. In addition, the photo-
electrochemical method further verified the
response of W/Ti;C,T,-U to UV-Vis and NIR
monochromatic light by the transient photocurrent
responses under Ar atmosphere. An obvious
photocurrent  response appeared under the
illumination of monolights across 385—740 nm in
Fig. 15(b). When we changed N, atmosphere to
saturate the electrolyte, the transient photocurrent
responses under the irradiation of xenon lamp
significantly decreased, indicating the transfer of
photogenerated electrons to chemisorb N,
molecules (Fig. 15(c)). Besides, N, TPD was also
applied to investigating the adsorption properties of
N, on the catalysts (Fig. 15(d)). The peak at
~100°C was originated from the physical
absorption of N,, while the peak centered at
300 °C was attributed to chemisorbed N, [9].
W/Ti;C,T,-NU and W/Ti;C,T,-U exhibited stronger
peaks for chemisorption of N, than Ti;C,T,-U,
while Ti;C,T,-NU exhibited nearly no peaks in N,
TPD profile. Accordingly, doped W atoms acted as
the active sites to promote the adsorption of N,

247

Ti;C,T,-U  and W/Ti;C,T,-U  also  provided
synergistic sites for promoting both physical and
chemical adsorption of N,.

Furthermore, we also provided atomic-level
insights into the reaction pathways by theoretical
calculations. The DFT studies were conducted with
two models of Ti;C,0,—V with an OV and
W/Ti;C,0,—V with an OV. The calculated N,
adsorption energies on Ti;C,0, —V and W/
Ti3C,0,—V were —0.37 and —0.38 eV, respectively.
In addition, the electron density of adsorbed N, was
also calculated. The adsorbed N, accepted 0.34e
from W/T1;C,0,—V, while Ti;C,O0,—V donated
only 0.05¢ to adsorb N, (Figs. 16(a)—(d)). The
transformation of electrons to adsorb N, would fill
the anti-bonding orbital, resulting in the weakening
of N=N with the elongation of bond length. Thus,
doped-W atoms directly promoted the adsorption
and activation of N, molecules. Moreover, the
possible intermediates and optimal reaction paths
over Ti;C,0,—V (Fig. 16(e)) and W/Ti;C,0,—V
(Fig. 16(f)) were screened. The reduction of N, to
NH; over Ti;C,0,—V was apt to the distal pathway
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the rate-limiting step. The reaction energy (AG) of
this transformation was 0.46 eV for Ti;C,0,—V.
When it comes to W/Ti;C,0, —V, the distal
pathway is also the optimal reaction channel
towards N, fixation. The value of AG for the step of
Ny* to N,H* species was as low as 0.22 eV over
W/Ti;C,0,—V. In addition, the hydrogenation of
NH,* to NH3* species was the bottleneck over
W/Ti;C,0,—V, with the AG value of this step to be
0.25 eV. Hence, doped-W atoms worked as active
centers to play an effective role in adsorbing,
activating and transferring N, molecules. In
addition, MXenes were able to harvest sunlight
across UV-Vis to NIR regions. As a result,
W/Ti;C,T,-U realized full-spectrum photofixation
of N, by integration of unique optical properties and
highly active sites.
4 Conclusions

(1)  W/Ti;CT,-U  realized  full-spectrum
photofixation of N, by integration of unique optical
properties of Ti;C,T, MXenes and highly active W
sites. High NH; production rate of 228 umol/(g-h)
achieved over W/Ti;C,T,.-U under the
irradiation of xenon lamp at RT without sacrificial
agents.

(2) Ti3C,T, MXene harvests UV-Vis and NIR
light to generate hot electrons. In addition, after
ultrasonic intercalation, the accordion-like Ti;C,T,
MXene (Ti;C,T,-NU) was transformed to Ti;C,T,
MXene nanosheets (Ti;C,T,-U) with more surface
—O terminations and OVs.

(3) Doped-W atoms work as the active sites to
promote the physical and chemical adsorption of
N,, and lower reaction energy in N, reduction by
donating electrons to the anti-bonding orbital of N,
molecules to elongate the bond length of N=N.
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