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The electrocatalytic N, reduction reaction (NRR) to ammonia (NH3) driven by intermittent renewable
electricity under ambient conditions offers an alternative to the energy-intensive Haber—Bosch
process. However, as a distinct core of the process, the design strategy of the electrocatalyst for
enhancing the N, activation ability is still in a trial-and-error stage due to the absence of theoretical
guidance. As a result, the corresponding NHsz yield rate and selectivity are much lower than that
required for implementation at scale. In this work, on the basis of the hard—soft acid—base theory,
we report a paradigm for the design of an electrocatalyst with tuned Lewis acidity to efficiently
activate and reduce N, to NHs. As a proof of concept, it is revealed that enhancing the Lewis acidity
of the molybdenum sulfide (MoS,) model catalyst supported on carbon nanotubes can greatly
improve its activation ability toward the N, molecule. Accordingly, a high faradaic efficiency of 21.60
+ 2.35% and NHs yield rate of 40.4 + 3.6 pg h™! mgea *
which are ~2 times enhanced in comparison with the original MoS,, respectively. Density functional
theory calculations verify that the electron transfer from the occupied o orbitals of N, to the empty
d orbitals of Mo sites within MoS, can be greatly accelerated by tuning the Lewis acidity of MoS, to
match with the basicity of N, thereby enhancing the N, activation process via the ¢ — d donation

are obtained over the modified MoS,,
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Introduction

Ammonia (NH3) is extremely imperative for fertilizer produc-
tion, and also can be used as an appealing energy carrier, which
is mainly produced through the Haber-Bosch process at
present.” However, this technique requires a pure H, feedstock
and is driven by high temperature (400-600 °C) and pressure
(200-350 atm), which consumes ~2% of the global energy
supply and produces large amounts of greenhouse gases.>* By
comparison, the electrocatalytic N, reduction reaction (NRR) is
a highly encouraging route for the sustainable production of
NH; because it can be ideally operated at mild conditions with
intermittent renewable electricity as the driving force and water
as the hydrogen source.>”

The electrochemical synthesis of NH; has been explored for
a long time since the late 1960s, and has recently developed
rapidly.® Unfortunately, this technology is still far from the
large-scale implementation at present. The main obstacle
toward progress is the extreme inertness of the N, molecule
with the high dissociation enthalpy (941 kJ mol "), low proton
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affinity (493.8 k] mol ™), and large gap (10.8 eV) between the
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO).>** Besides, the selectivity of
the NRR process is also plagued by the competing H, evolution
with fast kinetics. Although extensive strategies of design for
electrocatalysts have been presented, including vacancy engi-
neering, heteroatom doping, strain engineering, and crystal
facet engineering, the present activation ability of a catalyst for
the N, molecule remains insufficient due to the lack of theo-
retical guidance, resulting in relatively low faradaic efficiency
(FE) and yield rate of NH;.*>” Thus, to resolve this bottleneck, it
is highly required to develop the design concept of an electro-
catalyst for improving their activation ability towards the N,
molecule. If the N, activation process can be efficiently
enhanced, the subsequent proton-coupled electron transfer
steps will be greatly accelerated, finally facilitating the whole
NRR process and really speeding up this cutting-edge field.>'®*

Fundamentally speaking, the N, molecule owning two lone-
pair electrons is a typical Lewis hard base, and therefore usually
acts as the electron donor in chemical reactions.?*® According to
the hard-soft acid-base (HSAB) theory that the hard and soft
base preferentially interact with the hard and soft acid,
respectively (Fig. S11), the N=N bond can be effectively acti-
vated by the Lewis hard acid sites of catalysts via the electron
“donating-accepting” effects.”* Recently, a map of transition

This journal is © The Royal Society of Chemistry 2021
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metal-based catalysts, such as Mo, Fe, Co, and Pd, has been
presented for the NRR process.”>* It was found that the metal
active sites and the carbon support (e.g., carbon nanotubes,
graphene, graphdiyne) both synergistically enhanced the NRR
performance.***® Although great progress has been made, the
present N, activation ability is still inadequate, which greatly
limits the practical applications of this emerging technique.
Notably, the transition metals with d orbitals are apt to lose the
electrons and become the Lewis acid sites.**** Therefore, it can
be speculated that if the electron structures of transition metal-
based catalysts can be rationally adjusted to form the hard acid
sites, which match with the basicity of the N, molecule, their N,
activation ability will be greatly enhanced. Accordingly, the
whole NRR process will be well boosted.

Herein, as a proof of concept, we take a molybdenum sulfide
(MoS,) with abundant Mo®" sites (Lewis soft sites) as the model
catalyst to investigate the critical impact of the Lewis acidity on
the N, activation process. The Lewis acidity of the Mo sites in an
as-made sample is greatly increased via partial substitution of
sulfur with oxygen atoms (denoted as MoS,-O) that have a larger
electronegativity value of 3.44 compared with that of sulfur
(2.58) (Scheme 1). Doing so enables us to obtain a high NRR FE
of 21.60 £ 2.35% and NH; yield rate of 40.4 + 3.6 ug h™*
mg... . As a control/proof, the Lewis acidity of Mo sites is also
reversely decreased by partially replacing the sulfur atoms with
phosphorus atoms (2.19 for the electronegativity value, denoted
as MoS,-P) that are less electronegative than sulfur, and a dete-
riorated NRR performance is demonstrated (Scheme 1). The
combined experimental results demonstrate that to achieve the
enhanced N, activation and accelerated NRR process, the Lewis
acidity of the catalysts should match with the Lewis basicity of
the N, molecule. Density functional theory (DFT) calculations
further revealed that the Mo sites with Lewis acid features can
effectively delocalize the localized electron of the N, molecule,
and then activate the N, molecule via the ¢ — d donation
mechanism.
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Scheme 1 |llustration for the proposed “acid—base matching” para-
digm to enhance/decrease the activation ability of the MoS, electro-
catalyst toward the N, molecule, including increasing/reducing the
Lewis acidity by partially replacing the S atom within MoS, with O
(MoS,-0)/P atoms (MoS,-P).
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Results and discussion
Synthesis and characterization of the MoS, catalyst

The MoS,/CNTs was prepared via acid precipitation method at
room temperature by using multiwalled carbon nanotubes
(CNTs) as the conductive additive. Subsequently, it was
annealed at 200 °C for 2 hours in argon (Ar) gas.>** After that,
the as-obtained MoS,/CNTs was further oxidized in air atmo-
sphere at 200 °C for 60 min, resulting in the formation of MoS,-
O60/CNTs (Fig. 1a). To elucidate the critical role of the oxygen
content in tuning the Lewis acidity of the Mo sites, a suite of
control samples, including MoS,-O;,/CNTs, Mo0S,-O3,/CNTs,
and MoS,-Oyo/CNTs, were also prepared by changing the
oxidation time (10, 30, and 90 min, respectively). Thermogra-
vimetric analysis (TGA) shows that the content of CNTs in MoS,/
CNTs and MoS,-Ogy/CNTs is ~10 wt% (Fig. S21). Scanning
electron microscopy (SEM) and transmission electron micros-
copy (TEM) images indicate that the MoS, species in MoS,/CNTs
and MoS,-O60/CNT,s uniformly coat on the surface of CNTs
(Fig. S31). The high-resolution transmission electron micros-
copy (HRTEM) and the selected area electron diffraction (SAED)
characterizations reveal that the MoS, species in MoS,/CNTs
and MoS,-Oso/CNTs exhibit poor crystallization, which is
further evidenced by the X-ray diffraction (XRD) analysis (Fig. S4
and S57). The SEM energy dispersive X-ray spectroscopy (SEM-
EDS) elemental mapping confirms that the MoS,-Ogc/CNTSs
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Fig.1 (a) Schematic synthesis for the MoS,-Ogo/CNTs catalyst by the
thermal oxidation method. (b) The variations of the oxygen content
and average oxidation state of Mo versus oxidation time for the as-
made samples derived from XPS analysis. (c) NHs-TPD curves for
MoS,/CNTs, MoS,-O10/CNTs, MoS,-03¢/CNTs, MoS,-Ogo/CNTs, and
MoSx-Ogo/CNTs.
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owns a higher content of O element compared with MoS,/CNTs,
preliminarily elucidating the successful introduction of the O
element (Fig. S6T). Correspondingly, a new broad peak at 800-
990 cm ™! originating from the Mo-O bond is detected in the
Raman spectrum of MoS,-Og,/CNTs in comparison to that of
MoS,/CNTs, further verifying the incorporation of the O
element (Fig. S77).>****” X-ray photoelectron spectroscopy (XPS)
spectra confirm the existence of C, S, O, and Mo elements in
MOoS,/CNTS, M0S,-0;0/CNTS, M0S,-03,/CNTS, M0S,-Oo/CNTS,
and MoS,-O4,/CNTs, which is also consistent with the SEM-EDS
results (Fig. S8%). The detailed content of Mo, S, and O elements
and corresponding atomic ratios of the samples derived from
the XPS analyses are summarized in Table S1.7 It can be clearly
seen that the atomic ratio of Mo to S for MoS,/CNTs is 1 : 2.75,
which is almost consistent with the literature, whereas such
a value gradually reduces with the prolongation of the oxidation
time.** Correspondingly, the O content progressively improves
from 2.87 to 11.12% with the extension of the oxidation time
from 0 to 60 min, and then slightly increases when further
increasing the oxidation time to 90 min (12.51%) (Fig. 1b).
Furthermore, a new peak with the electron binding energy (BE)
of 530.0 eV that can be attributed to the lattice oxygen is
detected in the high-resolution O 1s spectra for the oxidized
samples, and the ratio of its integral area to that of adsorbed
oxygen increases with the increment of the oxidation time
(Fig. S971).*® Meanwhile, the high-resolution XPS spectra of Mo
3d for the samples are also given in Fig. S9.7 It can be clearly
seen that the Mo 3d spectrum of MoS,/CNTs exhibits two
doublet peaks, including a weak doublet with the electron
binding energy (BE) of 228.7/231.7 eV ascribed to Mo*" 3d
components and a strong doublet with the electron BE of 229.4/
232.5 eV belonging to Mo®>" 3d components.*** As for the
oxidized samples, a new doublet assigned to Mo®" 3d compo-
nents is observed at the electron BE of 231.8/235.3 eV due to the
incorporation of the O elements.*” Furthermore, a decreased
content of Mo®", along with an increased content of Mo®", is
distinctly demonstrated with the prolongation of the oxidation
time. Moreover, the high-resolution Mo 3d XPS depth-profile
study of MoS,-O6o/CNTs confirms that an oxidation layer with
a certain thickness is formed over the surface of M0S,-O¢,/CNTs
after the oxidation treatment (Fig. S107). The detailed changes
for the average oxidation state of Mo are depicted in Fig. 1b. A
similar variation tendency for the average oxidation state of Mo
and the content of O is verified. In particular, the Mo average
oxidation state evidently improves from 4.91 to 5.75 with the
prolongation of the oxidation time from 0 to 90 min. The results
indicate that the Lewis acidity of the Mo sites in the MoS,
species can be regulated by this thermal oxidation method. To
further confirm this point, the temperature-programmed
desorption of ammonia (NH3-TPD) was conducted. It can be
seen from Fig. 1c that the integral area of the NH; desorption
peak associated with the Lewis acidity significantly increases as
the oxidation time increases, which is in accordance with the
XPS analyses. On the basis of the HASB theory and the results
above, it can be imagined that there possibly exists a sample
that can match well with the basicity of the N, molecule, thereby
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enhancing the activation ability for N, and facilitating the whole
NRR process.

Electrochemical NRR measurements

All electrochemical NRR tests were investigated in a modified H-
type cell using 0.1 M KOH aqueous solution as the electrolyte
under ambient conditions, wherein a salt bridge was employed
to avoid the possible diffusion of ammonia and maintained the
charge balance of the electrolyte (Fig. S111).** Before the test,
the purified N, gas was bubbled in a cathodic chamber for
30 min, and then the electrochemical NRR test was conducted
under the continuous feeding of N,. After electrolysis for 2 h,
the electrolyte was collected and then the produced ammonia
was detected by Nessler reagent and indophenol blue methods
(Fig. S12t). The Watt and Chrisp method was employed to
determine the by-product hydrazine (N,H,) (Fig. S13%). It
should be pointed out that all of the applied potentials
mentioned in this work were converted into the values versus
reversible hydrogen electrode (vs. RHE).

The linear sweep voltammetry (LSV) curves over MoS,-Og/
CNTs reveal that the presented current density in the N,-
saturated electrolyte is larger than that in the Ar-saturated
electrolyte among the applied potential range of 0.05 to
—0.25 V, primarily confirming the NRR activity of MoS,-Ogo/
CNTs. Then, the difference of the NRR performance between
MoS,/CNTs and MoS,-O4¢/CNTs was elaborately investigated,
and the corresponding current density profiles and ultraviolet-
visible (UV-Vis) absorption spectra are displayed in Fig. S14
and S15,F respectively. As shown in Fig. 2b, the faradaic effi-
ciency (FE) of NRR over MoS,/CNTs gradually improves from 5
£ 1.93% to 12.73 = 1.93% with the rise of the applied potential
from —0.05 to —0.15 V. Further increasing the applied poten-
tial to —0.25 V, the corresponding FE rapidly declines, mainly
attributed to the competition of the hydrogen evolution reac-
tion (HER). By contrast, the MoS,-O,/CNTs electrocatalyst
with higher Lewis acidity delivers a ~2-fold enhancement of
FE (21.60 + 2.35%) at the same potential of —0.15 V. A peak
value of 40.4 + 3.6 ng h™! mg.,. " for the NH; yield rate is
achieved by MoS,-Og,/CNTs at —0.15 V, which is ~1.5 folds
higher than that achieved by Mo0S,/CNTs (25.9 + 3.6 pg h™*
mg.... ') (Fig. 2¢). The NRR performance of the as-obtained
MoS,-Og0/CNTs is also superior in comparison with most of
the previously reported Mo-based electrocatalysts (Table S27).
To confirm the source of ammonia, a sequence of rigorous
control experiments was carried out with the Mo0S,-Og,/CNTs
as an example. It was found that the ammonia is only detected
in the electrolyte by using MoS,-Osc/CNTs as the electro-
catalyst under N, atmosphere, further confirming that the
produced ammonia is not from the air, the feeding N,, the
electrolyte, and the MoS,-O0/CNTs itself, but from the NRR
process (Fig. S161). Meanwhile, the by-product N,H, is not
detected in the electrolytes acquired at the applied potentials
above (Fig. S177).

Additionally, the concentration of produced ammonia was
quantitatively determined with 'H nuclear magnetic resonance
(*H NMR) by employing the isotope labeling of °N, as the

This journal is © The Royal Society of Chemistry 2021
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Fig.2 (a) LSV curves of MoS,-Ogo/CNTs measured in Ar- and N»-saturated electrolytes. (b and c) The obtained FEs and NHx yield rates for MoS,/

CNTs and MoS,-Oeo/CNTs at different potentials of —0.05, —0.10, —0.15, —0.20, and —0.25 V vs. RHE, respectively. (d) *H NMR spectra of the
standard solutions with various >NH,* concentrations and the electrolyte obtained using MoS,-Ogo/CNTs as the electrocatalyst at —0.15 V
under N, atmosphere for 2 h (denoted as this work). (e) The corresponding calibration curve for isotopically labelled *>N, experiment in view of
the ®®NH,* concentrations and the integration areas. (f) Comparison of FEs and NH3 yield rates determined by Nessler reagent, indophenol blue,

and *H NMR (using *°N;, as the feeding gas) methods, respectively. (g) The

correlation between FEs and average oxidation states of Mo for the as-

made samples. (h) No-TPD profiles of MoS,/CNTs (gray curve), MoS,-O10/CNTs (navy curve), MoS,-Oz0/CNTs (purple curve), MoS,-Ogo/CNTs
(red curve), and MoS,-0Ogo/CNTs (aqua curve). (i) Time-resolved in situ electrochemical ATR-FTIR spectra over MoS,-Ogo/CNTs at —0.15 V vs.

RHE in 0.1 M KOH under N, atmosphere.

feeding gas (Fig. 2d and e).** As depicted in Fig. 2f, the FEs and
NH; yield rates obtained from the Nessler reagent, indophenol
blue, and 'H NMR methods agree well with each other,
adequately verifying the accuracy of the quantification for the
produced ammonia. In addition, the catalytic stability of MoS,-
Ogo/CNTs was evaluated by consecutive cycling tests
(Fig. S18at). It was found that the corresponding NRR FE and
NH; yield rate exhibit a slight reduction after five cycles,
particularly reaching 18.4% (85.2% of retention) and 35.1 pg
h™' mg... " (86.9% of retention) in the fifth cycle, respectively
(Fig. S18b¥). Furthermore, no obvious changes in the structure
and composition of MoS,-Os,/CNTs can be observed after five
consecutive cycles by TEM, XRD, and Raman spectroscopy
characterizations, indicative of the good stability of M0S,-Ogo/
CNTs in the NRR process (Fig. S197).

This journal is © The Royal Society of Chemistry 2021

The results above indicate that the enhancement of Lewis
acidity for the as-made sample has a positive impact on the NRR
performance to some degree. To better illustrate this point, we
associated the average oxidation state of Mo in all samples with
their NRR FEs, and a volcano plot was obtained (Fig. 2g). The FE
exhibits an upward tendency with the increase of the average
oxidation state of Mo from 4.91 to 5.68, and then decreases with
the further increment of the Mo average oxidation state to 5.75.
A peak value of 21.60 + 2.35% for FE is presented over MoS,-
Og0/CNTs with the Mo average oxidation state of 5.68, indicative
of the optimal Lewis acidity towards N, activation. To probe the
specific impact of Lewis acidity on the N, activation ability for
the samples, the temperature-programmed desorption of N,
(N,-TPD) was then performed (Fig. S201). As shown in Fig. 2h,
a desorption peak of N, is detected in the range of 186 to 198 °C,

J. Mater. Chem. A, 2021, 9,13036-13043 | 13039
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and ascribed to the chemisorption of N, molecules over the as-
made electrocatalysts. Moreover, the present activation ability
of the as-made samples for N, is significantly enhanced with the
increase of the Mo average oxidation state from 4.91 to 5.68,
corresponding to the improvement of the Lewis acidity. The
activation ability for N, remains almost unchanged upon
further increasing the Lewis acidity (Mo0S,-Ogo/CNTSs). The above
results indicate that the MoS,-O4,/CNTs owns the optimal Lewis
hard acid sites that can match well with the basicity of the dN,
molecule (Lewis hard base). As a result, the N=N triple bond
can be effectively activated by the Lewis hard acid sites via the
electron “donating-accepting” effects, eventually resulting in
a greatly boosted NRR performance.*** To further demonstrate
the crucial role of Lewis acidity of MoS, material for N, activa-
tion process, a significant control sample, phosphorus (P)
doped MoS, (MoS,-P/CNTs) was also prepared by the low-
temperature phosphating method. Since the phosphorus has
a smaller electronegativity value of 2.19 compared with that of
sulfur (2.58), it is easier to lose electrons than sulfur and form
the decreased Lewis acidity of the Mo sites. The structure and
composition of MoS,-P/CNTs were firstly confirmed by XRD,
SEM, and SEM-EDS elemental mapping (Fig. S21 and S22%). The
XPS characterization was also carried out to reveal the chemical
states of the component elements in MoS,-P/CNTs. In the P 2p
spectrum, a predominant peak of PO,*~ and two weak peaks of
the P-Mo bond are detected at 134.2, 130.7, and 129.3 eV,
respectively, indicative of the successful introduction of P
(Fig. S23at).*** As for the Mo 3d spectrum of MoS,-P/CNTs, two
doublet peaks including a strong doublet of Mo** 3d compo-
nents and a weak doublet of Mo®>* 3d components are observed
(Fig. S23bft), which is quite different from that of MoS,/CNTs
(Fig. S107). On the basis of this, the average valence state of Mo
in MoS,-P/CNTs is calculated to be 4.32. As expected, the MoS,-
P/CNTs delivers a deteriorated NRR performance (7.34 £+ 1.15%
for FE and 10.8 & 2.1 ug h™' mg.,. " for NH; yield rate at —0.15
V) compared with that of the original MoS,/CNTs (Fig. S24+),
indicating that the decrease of Lewis acidity for MoS,/CNTs is
not conducive to the N, activation and the whole NRR process.
This control experiment adequately verifies that for the purpose
of enhancing the N, activation process, the Lewis acidity of the
catalysts should match with the Lewis basicity of the N, mole-
cule. To further investigate the detailed activation mechanism
of MoS,-Ogo/CNTs toward the N, molecule, time-resolved in situ
electrochemical attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy was then performed. The
corresponding results are diplayed in Fig. 2i. Clearly, the
absorption peak for the adsorbed target product of NH; (*NHj)
can be observed at 1228 ecm™ ', and the intensity gradually
enhances with increase of electroreduction time from 0 to 300 s,
which further verifies that the NH; is originated from the
electroreduction of N, molecules.**>* Moreover, the absorption
peaks for -N,H,, intermediates, including -H-N-H bending
(1492 cm ") and -NH, wagging vibrations (~1300 cm™ "), are
gradually enhanced with the increment of the electroreduction
time.*>** The results strongly confirm that the N, molecule can
be efficiently activated over the surface of MoS,-Og,/CNTs, and
the resultant NRR process follows an associative mechanism.*
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Electronic structure analysis of electrocatalysts by DFT
calculations

In addition, the DFT calculations were conducted to verify the
electronic structures of the electrocatalysts and gain an
insightful understanding for the mechanism of N, activation at
an atomic scale. Since the atom ratio of Mo to S within MoS,/
CNTs is 1:2.75 (Table S1t), corresponding to the MoS3, the
structure of MoS; is selected as the structural model for MoS,
(Fig. s25%).°%* At first, the deformation charge density was
carried out to investigate the variation for the valance state of
Mo atom in MoS, material with/without the doping of O atoms.
As depicted in Fig. 3, the positive charge is intensively distrib-
uted around the Mo atom sites, and the negative charge is
mainly located around the S and O atom sites. Furthermore, it
was found that the Mo atom of Mo increases to +1.791|e| after
replacing the one S atom by one O atom (donated as 10-MoS,).
A further improved atomic charge of Mo (+2.020]e|) is observed
when replacing the two S atoms by two O atoms (donated as 20-
MoS,). By contrast, the atomic charge of the Mo atom in MoS,-P/
CNTs (taking 2P-MoS; as the structure model) is only +1.456]e]
(Fig. S267), which is even lower than that in the original MoS,/
CNTs (+1.638|e|). The results indicate that the oxygen with
a higher electronegativity value of 3.44, in contrast to that of
sulfur (2.58) as well as phosphorus (2.19), can attract more
electrons from the adjacent Mo atom and effectively delocalize
the localized electron of the Mo atom, finally leading to an
increased valence state and Lewis acidity of Mo. This is in
keeping with the XPS and NH;-TPD results above.

N, activation mechanism over the Lewis acidic sites

Subsequently, we examined the interactions between N, mole-
cules and different Mo sites by taking MoS, and 20-MoS, as the
examples. It can be clearly found from Fig. 4a and b that the
calculated bond length of the N, molecule adsorbed in the side-
on mode over the Mo sites of MoS, (1.120 A) is smaller than that

* +2.020|e|
Enhanced Lewis ’
o oI
2 acidity o)
- +1.791|e| g~
Q ~
‘(ﬁ b
5 | +1.638|e| ¥
(8] Rr™ -
£ o Q
o Wi N o)
2 | e

‘f@’-?{:r%

MoS,

Oxygen content

Fig. 3 The isosurfaces of deformation charge density for MoS,, 10-
MoS,, and 20-MoS,, and the corresponding variation for the atomic
charge of Mo derived from Bader charge analysis. Light blue (light
yellow) regions represent charge loss (accumulation), and the isosur-
face is set to be 0.004 e bohr—3. Color scheme: dark green, Mo; yellow,
S; red, O.
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Fig. 4 The configurations and corresponding bond lengths of the adsorbed N, molecules in side-on and end-on modes over the Mo atoms of
MoS, (N2/MoS, system) (a and b) and 20-MoS, (N,/20-MoS, system) (c and d), respectively. Charge density difference of N,/MoS, (e) and Ny/
20-MoS; (h) systems, where the charge accumulation and depletion are denoted by green and red, respectively. Color scheme: dark green, Mo;
yellow, S; red, O; blue, N. The isosurface is set to be 0.002 e bohr~>. The corresponding charge accumulation and depletion over N/MoS, (f and

g) and N»/20-MoS, (i and j) systems are also separately presented.

in the end-on mode (1.134 A), which means that the end-on
mode is the optimal adsorption configuration for the N,
molecule in the N,/MoS, system. On the contrary, the side-on
mode is the optimal adsorption configuration for the N,
molecule in the N,/20-MoS, system, where the bond lengths of
the N, molecule adsorbed in side-on and end-on modes over the
Mo sites of 20-MoS, are 1.157 and 1.128 A, respectively (Fig. 4c
and d). Additionally, it can be clearly observed that the bond
length of the N, molecule in the side-on mode (the optimal
adsorption) over 20-MoS, is much larger than that in the end-
on mode over MoS, (the optimal adsorption), which indicates
that the Mo sites with higher valence state or Lewis acidity are
easier to activate/polarize the N, molecule. By contrast, for the
2P-MoS,. with distinctly decreased Lewis acidity, the slightly
prolonged N=N bond lengths of 1.128 and 1.130 A are pre-
sented over its surface in the adsorption configurations of end-
on and side-on modes, respectively (Fig. S277). This result
further confirms that, to achieve a strong N, activation ability,
the Lewis acidity of the electrocatalyst should match with the
Lewis basicity of the N, molecule.

To uncover the detailed activation mechanism toward the N,
molecule, the charge donation-backdonation process was then
visualized via the charge density difference analysis (Fig. 4e-j).
As given in Fig. 4e, a significant charge accumulation region is
observed between the N and Mo atoms of MoS,, which means
that the N, molecule can be activated through the Mo-N
interaction.’® The tendency of charge transfer can be qualita-
tively observed from Fig. 4f and g. Clearly, the charge depletion
region is larger than the corresponding charge accumulation
region around the N atom far away from Mo atom, verifying that
the charge is transferred from the N atom to the adjacent Mo

This journal is © The Royal Society of Chemistry 2021

atom.*® Accordingly, it can be concluded that the N, molecule is
easily activated by the Mo sites of MoS, through the ¢ —
d donation mechanism.”® As for the N,/20-MoS, system, a larger
charge accumulation region is found between Mo and N atoms
(Fig. 4h and i) compared with that shown in the N,/MoS, system
(Fig. 4f), indicative of the stronger activation ability for the N,
molecule over the Mo sites of 20-MoS,. In addition, as shown in
Fig. 4j, the charge depletion region of the N atoms in the N,/20-
MosS, system distributes throughout the whole N, molecule,
and is also slightly larger than that in the N,/MoS, system
(Fig. 4g), indicating that much more electrons of the N atom are
lost and transferred to the adjacent Mo atom. That is to say, the
Mo sites with higher valence state or Lewis acidity are much
easier to accept the electrons from the N, molecule, thereby
accelerating the N, activation process via the ¢ — d donation
mechanism.””*® This is also in line with the experimental
results.

Conclusions

In summary, a paradigm for the design of an electrocatalyst to
improve the N, activation and NRR process was presented on
the basis of the HSAB theory. The experiments revealed that to
achieve a strong N, activation ability, the Lewis acidity of the
electrocatalyst should match with the Lewis basicity of the N,
molecule. In particular, the MoS,-Os,/CNTs with enhanced
Lewis acidity delivered a NRR FE of 21.60 £+ 2.35% and NH;
yield rate of 40.4 + 3.6 ug h™' mge. ', ~2 times greater in
comparison to that of the original MoS,/CNTs with low Lewis
acidity. The DFT calculations demonstrated that the as-made
electrocatalyst with deliberately promoted Lewis acidity accel-
erated the electron transfer from the occupied o orbitals of N, to
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its empty d orbitals and then boosted the activation process of
N, via the ¢ — d donation mechanism. These findings provide
new insight into enhancing the N, activation ability of the
electrocatalyst toward the N, molecule, and may really promote
the development of the cutting-edge field.
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