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Unraveling the Performance Descriptors for Designing
Single-Atom Catalysts on Defective MXenes for Exclusive
Nitrate-To-Ammonia Electrocatalytic Upcycling

Xutao Gao and Edmund C. M. Tse*

Electrocatalytic nitrate reduction reaction (NO;RR) is a promising approach
for converting nitrate into environmentally benign or even value-added
products such as ammonia (NH,) using renewable electricity. However, the
poor understanding of the catalytic mechanism on metal-based surface
catalysts hinders the development of high-performance NO;RR catalysts. In
this study, the NO;RR mechanism of single-atom catalysts (SACs) is
systematically explored by constructing single transition metal atoms
supported on MXene with oxygen vacancies (O,-MXene) using density
functional theory (DFT) calculations. The results indicate that Ag/O, -MXene
(for precious metal) and Cu/O,-MXene (for non-precious metal) are highly
efficient SACs for NO;RR toward NH;, with low limiting potentials of —0.24
and —0.34 V, respectively. Furthermore, these catalysts show excellent
selectivity toward ammonia due to the high energy barriers associated to the
formation of byproducts such as NO,, NO, N,0, and N, on Ag/O,-MXene
and Cu/O,-MXene, effectively suppressing the competitive hydrogen

soil and groundwater, and the discharge of
nitrate-containing industrial wastewater.[?]
The accumulation of nitrate poses a sig-
nificant threat to the environment and hu-
man health, including cancer and blue
baby syndrome.®! Therefore, it is imper-
ative to remove excess nitrate ions from
contaminated water to complete the arti-
ficial nitrogen cycle. To address this chal-
lenge, various technologies, such as re-
verse osmosis,[*l ion exchange,® and bacte-
rial denitrification,!®! have been developed.
However, these technologies have con-
siderable drawbacks such as prohibitively
high post-treatment costs, strict reaction
conditions, and complex multi-stage pro-
cesses. Recent reports showed that electro-
catalytic NO;RR is an alternative method

evolution reaction (HER). The findings not only offer new strategies for
promoting NH; production by MXene-based SACs electrocatalysts under
ambient conditions but also provide insights for the development of

next-generation NO;RR electrocatalysts.

1. Introduction

Nitrate (NO,™) pollution has become a serious human-caused
issue affecting aquatic ecosystems and drinking water re-
sources due to the release of NO or NO, from nitrogen-
containing fuels, the emission of NOx-containing fertilizers into
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for converting nitrate into harmless prod-
ucts and value-added products using re-
newable electricity.”] Compared to the tra-
ditional approaches, NO;RR does not re-
quire additional reducing agents to con-
vert NO,;~ into products like NH;, N,,
NO, NO,, N,0, and NH,O0H, as electrons
are used for nitrate reduction.®! NH; is
a desired product that can be generated from NO,~ via the trans-
fer of nine protons and eight electrons (NO;~ + 9H*' + 8™ —
NH, + 3H,0 E° = 0.82 V). Though this low-temperature am-
monia synthesis method is promising, developing catalysts with
high activity and selectivity toward ammonia under ambient con-
ditions remains a challenge due to the sluggish reaction kinetics
and competitive HER.

Significant research efforts have been dedicated to develop-
ing electrocatalysts with high activity, selectivity, and durabil-
ity for the reduction of NO;~ into NH, to mitigate nitrate
pollution.l Previous studies have investigated the mechanism,
activity, and selectivity on transition metal (ITM) electrocata-
lysts for NO;RR, where the rate-determining step (RDS) is de-
duced to be the reduction of nitrate into nitrite (NO,™) on the
catalyst surface in acidic condition based on the Tafel slope
observed.'"12] Platinum group metals (PGMs) and coinage met-
als have shown NO;RR activities under acidic conditions and
potentials ranging from 0 to 0.4 V versus RHE, with the ac-
tivities of Rh > Ru > Ir > Pd ~ Pt and Cu > Ag > Au,
respectively.!% Although pure Rh and Cu metal catalysts dis-
play relatively high NO,RR activities, they do not readily display
high stability, activity, and selectivity toward NH; under other

© 2023 The Authors. Small published by Wiley-VCH GmbH
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reaction conditions. To overcome these limitations, multicompo-
nent electrocatalysts have been developed, where adjusting the
ratio of transition metals in alloy catalysts can significantly en-
hance NO,RR performance compared to their pure metal coun-
terparts. For example, a stable CuNi alloy electrocatalyst displayed
a higher NO;RR performance than pure Ni and Cu metals.!'3
Besides transition metal-based electrocatalysts, other metal ox-
ides, such as TiO, enriched with oxygen vacancies as well as
CuO nanowire arrays, have also exhibited high NO,RR perfor-
mance with remarkable Faraday efficiency and selectivity toward
ammonia.l1*-16]

The development of nitrate electrocatalysts for NO,RR has
posed a significant challenge due to the lack of a clear un-
derstanding of the catalytic mechanism on metal active sites,
despite numerous transition metal-based electrocatalysts hav-
ing been developed. Recently, SACs have drawn extensive at-
tention in the heterogeneous catalysis community.'’2!l Ow-
ing to the maximal utilization of active sites, SACs hold the
promise to possess high activity and selectivity in catalytic reac-
tions such as CO oxidation,??l HER,[?*] oxygen reduction reaction
(ORR),2l oxygen evolution reaction (OER),[?! CO, reduction
reaction (CO,RR),1?] nitrogen reduction reaction (N,RR),[27-3]
CO, and N, coupling reactions,®' and nitrate reduction reaction
(NO,RR).13233]

MXenes are a unique family of 2D layered materials that ex-
hibit excellent conductivity and chemical stability.>*¢] Recently,
MXenes have been applied as electrocatalysts for HER,!3738]
N,RR,***] and CO,RR.®**] However, the basal plane of
the MXene is readily functionalized by O?-, OH-, or F~
groups, resulting in no exposed metal sites on the surface of
MXene. Therefore, MXenes cannot efficiently catalyze more
complex reactions that involve multiple proton-coupled elec-
tron transfer (PCET) steps.*] Recently, the engineering of
vacancies has emerged as a promising strategy to stabilize
SACs on MXene materials and enhance their electrocatalytic
performance.l?! Zhang et al. synthesized Mo, TiC,T, MXene
nanosheets with Mo vacancies serving as the anchoring sites
for single Pt atoms (Mo, TiC,T,-Ptg,). The synthesized catalysts
showed high durability and outstanding hydrogen evolution re-
action activity.*’] Chen and co-workers developed a Ti-deficit
2D MXenes nanosheet and anchored Pt single atoms onto the
sites previously occupied by Ti. The as-synthesized Pt-based
SAC, Pt,/Ti;,C,T,, exhibited efficient conversion of aniline
into amide.[*8]

Utilizing first-principles calculations, the feasibility of uti-
lizing single transition metal atoms embedded on defective
MXenes nanosheets, namely Ti; ,C,0, with a Ti vacancy and
Mo, TiC,0, with a Mo vacancy, for N, RR has been systematically
explored. The results indicate that W/Ti; ,C,0, and Mo, , TiC,0,-
Zrg, showed the lowest potential-determining step (PDS) bar-
rier (0.11 and 0.15 eV) while suppressing competitive HER.[284]
However, to the best of our knowledge, the use of SACs supported
on defective MXenes nanosheets for NO;RR toward NH; has not
been reported.

In this study, we chose the most extensively studied Ti,C,O,
MXene as a representative substrate to construct SACs. Ti;C,
was the first reported type of MXene in 2011 and was the most
studied for its availability, tunable modification, and unique elec-
tronic properties with applications in the fields of photocatalysis,
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energy conversion and storage, and electronic devices.”®! Here,
linear scaling plot and contour plot are established to explain ac-
tivity trends on TM/O,-MXene as well as to identify the metal/O, -
MXene hybrid materials with the most efficient NO;RR activity
as well as the highest selectivity toward NH; by suppressing com-
petitive HER.

2. Results and Discussion

2.1. Screening NO,~ Adsorption on SACs

First, 3d-, 4d- and 5d- transition metal (TM) atoms are embedded
into the MXene support (Ti; ,C,T,). The NO;RR performance of
SACs is then comprehensively investigated using first-principles
calculations for 22 transition metals. Density functional the-
ory calculations are performed to calculate the density of state
(DOS) of the pure Ti;C,0, MXene structure (Figure S1, Support-
ing Information). The calculated DOS of the MXene exhibits a
conductor-like electronic structure, with a nonzero value around
the Fermi level (E;), and is mainly derived from the Ti 3d, O 2p,
and C 2p orbitals, consistent with previous studies.3>] The struc-
ture of TM/Ti,;C, O, is constructed by removing one O atom from
the MXene surface, leading to an O vacancy (O,), followed by re-
placing the exposed Ti with different transition metal atoms to
form an O vacancy TM-doped MXene (Figure 1a). The first step
of the NO,;RR process is NO,; ™ adsorption, which is critical for the
entire catalytic reaction. We investigated the adsorption energies
of NO;~ on bare MXene and O,-MXene, as shown in Figure S2
(Supporting Information). The adsorption energies are 2.02 and
—0.94 eV for bare MXene and O,-MXene, respectively. The intro-
duction of an O vacancy greatly improves the NO;~ adsorption
energetics. For Ta/O,-MXene, W/O,-MXene, and Re/O,-MXene,
the adsorbed NO;~ decomposes into NO, and one O atom. As
shown in Figure S3 (Supporting Information), the O atom fills
the oxygen vacancy on the O-terminated MXene surface, hinder-
ing the further reduction of NO,~. Therefore, these catalysts are
considered not suitable for NO;RR and are not further explored.
Since competitive HER can disrupt the NO;RR process, we also
investigated the adsorption energies of NO;~ (AG.yo;) and pro-
ton (AG.y) on TM/O,-MXene for comparison (Figure 1b), and
the corresponding configurations of “H and *NO, are shown
in Figure S4 (Supporting Information). Notably, the AG.yo; of
Cr, Mn, Fe, Ni, Cu, Zr, Nb, Mo, Pd, Ag, Hf, Ta, Re, Au doped
O,-MXene are more negative than AG.y, indicating NO,;RR
is a more favorable process on these TM/O,-MXene relative
to HER.

The adsorption trends of NO;~ on TM/O,-MXene are inves-
tigated by probing the relationship between the charge trans-
fer of TM atoms and the adsorption energy of NO;~ (AG.yo;3)
(Figure 1c). Detailed bond lengths, binding energies, and charge
transfers for NO,~ adsorption on different TM/O,-MXenes are
summarized in Table S1 (Supporting Information). A good cor-
relation coefficient (R? = 0.75) suggests a linear relationship be-
tween charge transfer and AG.;, further indicating that larger
charge transfer of TM atoms results in higher NO;~ adsorption
energy. For instance, Hf/O -MXene exhibits the highest adsorp-
tion energy of NO,~ of —1.41 eV with the largest charge transfer
of —2.15e".
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Figure 1. a) Top and side views of the atomic structure of TM/O,-MXene. Atom labels: C (white), Ti (blue), O (red), and TM (purple). The screened
TM atoms (from Ti to Au) are listed. b) Comparison of adsorption energies of NO; ™ and H* on TM/O,-MXene. c) The scaling relation between charge

transfer of TM atoms and NO; ™ adsorption energies.

2.2. NO;RR Mechanism on TM/O,-MXene

Electrochemical conversion of NO,~ into NH, via eight elec-
tron transfer steps involves various intermediates and products
(e.g., NH;, NO,, NO, N,0, and N,). It has been reported that
NH,/NH,* is the most thermodynamically stable product un-
der negative potential bias.’!l To understand the NO;RR mech-
anism on TM/O,-MXene, we investigate the proposed reaction
pathways with one coupled proton + electron (H* + e™) pair in-
volved in each elementary step in line with previous studies.[!314]
The intermediates involved in the reaction pathway on TM/O,-
MXene are optimized by DFT calculation. The NO;RR perfor-
mance of TM/O,-MXene is evaluated by comparing the com-
puted limiting potentials (U; = —AG,,,, /e, where AG,, is the
maximum of the free energy change among all elementary steps).
Figure 2a shows the proposed reaction pathways and the gen-
erated products, while the limiting potentials (U;) for each TM
atom are summarized in Figure 2b. We find that the U, values
become less negative from going from left to right on the periodic
table for 3d-, 4d- and 5d- TM atoms. Pt/O,-MXene displayed the
lowest NO;RR energy barrier to generate NH,. However, HER
is found to outcompete NO;RR on Pt/O,-MXene, as shown in
Figure 1b, indicating Pt/O,-MXene is not an ideal catalyst for
NO;RR toward NH;. The next-best NO;RR catalyst after Pt/O,-
MZXene is Ag/O,-MXene, which exhibits efficient NO;RR activ-
ity with a limiting potential of —0.24 V. For non-precious TM,
Cu/O,-MXene displays the lowest limiting potential of —0.34 V.
These two TM/O,-MXenes also possess high preference toward
NH, by suppressing competitive HER, demonstrating that they
are promising electrocatalysts for selective NO;RR.

Taking AG.yo; as a descriptor, the scaling relationship be-
tween the limiting potential on TM/O,-MXene and AG.yq; is
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constructed in Figure 2c. Notably, we observe decent R? values
(0.854 and 0.968), indicating that AG.y; is an excellent descrip-
tor for NO;RR toward NH;. In addition, we identified six TM/Ov-
MZXenes with the lowest limiting potentials (Figure 2c, red cir-
cle). Our results further demonstrate that the protonation step
of "NO, ("NO; + H* + e~ — "HNO;) serves as the potential-
determining step (PDS) for Pt and Pd, whereas for other TMs,
the protonation step of "NO, ("NO, + H* + e~ — “HNO,) is the
PDS. Based on these findings, we constructed a contour plot of
limiting potentials as a function of two PDSs ("'NO; + H* + e~ —
“HNO, and “NO, + H* + e~ —» "HNO,), as shown in Figure 2d.
The red and blue colors on the contour plot correspond to low
and high limiting potentials, respectively. Our results reveal that
Pt, Ag, Pd, Au, Cu, and Ni transition metals on O ,-MXene are lo-
cated close to the red region on the contour plot, indicating their
high activity toward NO;RR.

2.3. NO;RR Performance of Ag/O,-MXene and Cu/O, -MXene

Based on our computational analysis, Ag/O,-MXene is deter-
mined to be the most efficient electrocatalyst for NO;RR among
the TM/O,-MXenes while concurrently inhibiting the competi-
tive HER. Additionally, Cu/O,-MXene has been established as the
most competent earth-abundant electrocatalyst for NO;RR fea-
turing non-precious metals (NPMs). During the NO,;RR process,
it is noted that two configurations of “NO, (1-O binding mode
and 2-O binding mode) are considered for TM/O,-MXene. The
detailed adsorption energies and bond lengths are summarized
in Table S2 (Supporting Information). Free energy diagrams for
NO;RR on Ag/O,-MXene and Cu/O,-MXene via the 1-O path-
way are presented in Figure 3a,b, respectively, while those for
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Figure 2. a) Reaction pathways of NO3RR to NH; as well as byproducts including NO,, NO, N, O, and N,. b) Summary of limiting potentials on TM/O, -

MXene for NO3RR. c) Scaling relationship between the calculated limiting

potential of NO3;RR and AG.yp3. d) Contour plot of limiting potential as a

function of two potential-determining steps (‘NO; + H + e~ — “HNO; and “NO, + H* + e~ — "HNO,).

the 2-O pathway are illustrated in Figures S5 and S6 (Support-
ing Information). Additionally, the corresponding structures of
NO;RR intermediates for the 1-O pathway and 2-O pathway are
displayed in Figure 3c and Figure S7 (Supporting Information),
respectively. We observe that the adsorption energy of NO, via
the 1-O pathway is lower than that of the 2-O pathway on Ag/O,-
MXene and Cu/O,-MXene. Consequently, the 1-O binding mode
pathway is expected to be dominant despite the lower limiting po-
tential of 2-O. For the NO adsorption configurations, “ON (bind-
ing via the O-end) and "NO (binding via the N-end) binding
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modes were considered. The calculated results in Figures S8 and
S9 (Supporting Information) show that the “NO binding modes
are —1.06 and —1.08 eV lower in energy than the "ON binding
modes on Ag/O,-MXene and Cu/O,-MXene, respectively. These
results suggest that "NO is more thermodynamically favorable
than *ON. For the “ONOH to "NO process, since “ONOH binds
via the O-end while “NO binds via the N-end, a switch from
“ON to “NO is hypothesized. To validate this hypothesis, tran-
sition state calculation for “ON-to"NO flipping was calculated.
As shown in Figures S8 and S9 (Supporting Information), the
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Figure 3. a,b) Free energy diagrams (U =0V) of NO3RR on Ag/O,-MXene and Cu/O,-MXene, respectively. The pathways to the release of NO,, NO, N,,
and N,O are also plotted for comparison. c) Corresponding structures of NO3RR intermediates adsorbed on Ag/O,-MXene (above) and Cu/O,-MXene
(below), respectively.

calculated energy barriers of “ON-to-"NO flipping on Ag/O,-
MXene and Cu/O,-MXene are 0.15 and 0.21 eV, respectively.
These results indicate that the switch in binding mode from “ON
to “NO is facile. We further construct free energy diagrams of
NO;RR for other TM/O,-MXene in Figures $10-S12 (Supporting
Information) for comparison. During the NO,RR process, NO;~
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Qc®oONn

initially adsorbs onto the catalyst surfaces, generating “NO, and
“NO;H intermediates, which subsequently form “NO,. The re-
duction of NO,~ into “NO, requires overcoming energy barriers
of 0.10, 0.23, and —1.50 eV for Ag/O,-MXene and —0.07, 0.26,
and —2.05 eV for Cu/O,-MXene, which is in agreement with ex-
perimental data.['%] Subsequently, “NO, is hydrogenated by (H*
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Figure 4. a,c) Partial density of states (PDOS) of NO;~ adsorbed on Ag/O,-MXene and Cu/O,-MXene, respectively. Ex denotes the Fermi level, referring
to 0 eV. b,d) Charge density differences of NO;~ adsorbed on Ag/O,-MXene and Cu/O,-MXene, respectively. Iso-surfaces are 0.004 eV A=3. e,f) Energy
and temperature evolution versus the AIMD time for Ag/O,-MXene and Cu/O,-MXene, respectively. The AIMD simulation in vacuum lasts for 10 ps at

500 K.

+ ) pair to form “NO, H intermediate, which is an endothermal
process with an energy difference of 0.24 eV for Ag/O -MXene
and 0.34 eV for Cu/O,-MXene. In the following step, “NO,H
is attacked by a proton to release H,0, leaving behind “NO ad-
sorbed on the surface. The changes in the free energy profile
are —1.06 and —1.05 eV for Ag/O,-MXene and Cu/O,-MXene,
respectively. Next, a slightly downhill step from *NO to “NOH
is observed with the free energy decreased by 0.04 and 0.03 eV
for Ag/O,-MXene and Cu/O,-MXene, respectively. In the sub-
sequent steps (‘NOH—-"N—"NH-"NH,—"NH,), the proton con-
secutively attacks the intermediates, and the corresponding ener-
gies drop by 0.85, 1.20, 0.91, and 0.74 eV for Ag/O,-MXene and
0.93, 1.22, 1.00, and 0.64 eV for Cu/O,-MXene. Eventually, “NH,
species are desorbed from the catalyst surface.

To examine the selectivity of NO;RR toward NH,, the path-
ways leading to the formation of byproducts NO,, NO, N, O, and
N, are plotted for comparison in Figure 3a,b. The corresponding
structures of these intermediates are shown in Figures S13-S14
(Supporting Information). The energy barriers for the release of
NO,, NO, N, 0, and N, on Ag/O,-MXene reach up to 1.43, 0.91,
0.76, and 0.95 eV, respectively, while on Cu/O,-MXene they are
1.65, 1.03, 0.97 and 0.75 eV, indicating the difficulty associated
to forming these byproducts. In contrast, the desorption of NH,
requires 0.88 and 1.09 eV for Ag/O,-MXene and Cu/O,-MXene,
respectively. Notably, NH, can be further protonated to NH,* un-
der acidic conditions with a negligible energy barrier as reported
in recent studies.l®>>3! As shown in Figure 3a,b, "NO on Ag/O,-
MXene and Cu/O,-MXene can further react via three distinct
paths. The first path is “NO reduction to form “NOH, the sec-
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ond path is NO desorption from the catalyst, and the third path
is the coupling of two “NO to form “N,0,. For “NO reduction into
“NOH, this individual stepis “NO + H* + e~ — "NOH, which isa
proton-coupled electron transfer (PCET) process. The free energy
change of this step depends on the applied potential (U). On the
other hand, the “NO desorption and “NO coupling steps do not
involve proton and electron, so the free energy changes of these
steps are independent of the applied potential. To visualize the
effect of applied potential on the favorability of these three path-
ways, the free energy diagrams of NO;RR on Ag/O -MXene with
U= —0.38 V and on Cu/O,-MXene with U = —0.67 V are com-
puted (Figures S15 and S16 (Supporting Information)). The cal-
culated results under applied potential conditions show that the
energy change for N,0, formation is the same as the reduction
of “NO into NOH on Ag/O,-MXene and Cu/O,-MXene. There-
fore, applying potential can alter the NO,RR selectivity, which is
consistent with experiments.[>]

In order to gain insights into the underlying mechanisms be-
hind the high NO,RR performance of Ag/O,-MXene and Cu/O,-
MXene, an investigation on the densities of states (DOS) of NO;~
adsorption on both materials is conducted. Our results indicate
that prior to NO,~ adsorption, the d orbital of Ag and the 2p or-
bital of NO,~ lie below the Fermi level, as shown in Figure 4a,c.
Furthermore, we observed that the energy levels of the d-orbitals
of Ag and Cu, as well as the p-orbitals of NO,~, are well-
matched. Upon NO,~ adsorption, the d orbital of Ag and Cu
mixes with the 2p orbital of NO,~, resulting in strong inter-
actions between the transition metal and the adsorbed NO,~.
To further elucidate the role of charge transfer in dictating

© 2023 The Authors. Small published by Wiley-VCH GmbH
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the reduction reaction, the charge transfer from the TM atom
to NO,~ is analyzed. Our analysis reveals that there is a charge
transfer of 0.74 and 0.75 e~ from the TM SAC to NO;~ for Ag/O, -
MXene and Cu/O,-MXene, respectively, which serves as further
evidence of the interaction between the TM SAC site and the
adsorbed NO,~. Additionally, we calculated the PDOS of “NO,
adsorbed on Cr/O,-MXene, Au/O,-MXene, Pd/O -MXene, and
Pt/O,-MXene (Figures S17-S20, Supporting Information). The
d-band center of Ag, Cu, Cr, Au, Pd, and Pt as well as the cor-
responding NO,~ adsorption energy were summarized in Table
S3 (Supporting Information). The results show that as the d-
band center of transition metal dopant is closer to 0 eV, the
energy level of the d-band approaches to that of the p-band of
adsorbed NO,~. Therefore, Cr, the metal with the highest d-
band center (—0.74 eV), displayed the lowest adsorption energy
(—0.86 eV). In contrast, Au, the metal with the lowest d-band cen-
ter (—4.70 eV), showed the highest adsorption energy (0.19 eV).
For Ag/O,-MXene and Cu/O,-MXene, their moderate d-band
centers (—3.34 eV for Ag and —2.62 eV for Cu) resulted in NO,~
adsorption energies that are neither too strong nor too weak and
are optimal to promote efficient NO,RR. The potential-limiting
step of NO;RR on Ag/O,-MXene and Cu/O,-MXene is the re-
duction of “NO, (‘NO, + H* + e~ —» "NO,H). To better under-
stand the high NO,-to-NH; reduction activity of Ag/O,-MXene
and Cu/O,-MXene, we provide the PDOS of “NO, and calculate
the d-band centers of Ag and Cu and the p-band center of NO,
(Figures S21 and S22 (Supporting Information)). The calculated
results indicate that the d-band center of Ag (—4.02 eV) is signif-
icantly different from the p-band center of NO, (—1.72 eV), lead-
ing to a weak interaction between “NO, and the metal active site.
In contrast, the d-band center of Cu (—2.59 eV) is closer to the
p-band center of NO, (—1.78 eV), leading to a strong interaction
between the Cu active site and the adsorbed NO,. This strong in-
teraction leads to favorable "NO, adsorption but also increases
the energy penalty for the subsequent reduction step of "NO,. As
shown in Figure 3a,b, the free energy change of the reduction
of "NO, is 0.24 eV on Ag/O,-MXene, which is lower than that
on Cu/O,-MXene (0.34 eV). These results are consistent with the
PDOS analysis.

2.4. Stability of Ag/O,-Mxene and Cu/O, -Mxene

To evaluate the thermodynamic stability of TM/O,-MXene, we
calculate the formation energy (Ej,,,,,) for each candidate (details
described in the Experimental Section). All the Eg, . of the oxygen
vacancy MXene-based SACs are summarized in Figure S23 (Sup-
porting Information). For Ag/O,-MXene and Cu/O,-MXene, the
computed E . values are +2.30 and +2.41 eV, respectively. Previ-
ously, oxygen-defective MXene embedded with a single atom has
been prepared experimentally,*’] and the computed E,,,, of Ptg,
doped on oxygen-defective Mo, TiC,0, is +2.62 eV.**] Taken to-
gether, the lower formation energy of Ag/O,-MXene and Cu/O,-
MXene relative to the Pt case corroborates that Ag/O,-MXene
and Cu/O,-MXene should be thermodynamically stable. To fur-
ther investigate the stability of the catalysts, we performed ab ini-
tio molecular dynamics (AIMD) simulations at 500 K for Ag/O,-
MZXene and Cu/O,-MXene in a vacuum. As shown in Figure 4ef,
the total energy oscillates near the initial condition, and the ge-
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ometric structures of Ag/O,-MXene and Cu/O,-MXene remain
well-preserved during the 10 ps simulation. To evaluate the sta-
bility of TM/O,-MXene in water, an explicit model with H,0
molecules added on top of the catalyst surface of interest was ap-
plied for AIMD simulation at 500 K. The simulated models were
shown in Figure S24 (Supporting Information), and the energy
changes were displayed in Figure S25 (Supporting Information).
These results indicate that the catalysts are sufficiently stable, fur-
ther supporting that their structures can be maintained in the
presence of H,O. These results lead to the conclusion that Ag/O, -
MXene and Cu/O,-MXene can serve as highly efficient and stable
catalysts for selective ammonia synthesis through electrochemi-
cal NO,RR.

3. Conclusion

In this work, we utilized density functional theory (DFT) calcula-
tions to investigate the potential application of SACs supported
on defective Ti;C,0, nanosheets with oxygen vacancies for elec-
trocatalytic NO,RR to produce NH;. By employing the scaling
relationship and contour plot, our computations demonstrated
that Ag/O,-MXene (for precious metal) and Cu/O,-MXene (for
non-precious metal) exhibit outstanding low limiting potentials
for NO;RR of —0.24 and —0.34 V, respectively. Additionally, the
adsorption energy of NO,~ on Ag/O, -MXene and Cu/O,-MXene
is stronger than that of the proton, which favors NO,RR and sup-
presses the HER. With respect to selectivity, high energy barriers
for the release of NO,, NO, N, 0, and N, on Ag/O,-MXene and
Cu/O,-MXene facilitate the production of ammonia. The density
of state and charge density difference analysis provide insights
into the superior NO;RR performance on Ag/O,-MXene and
Cu/O,-MXene. The stability of Ag/O,-MXene and Cu/O,-MXene
is verified through formation energy and ab initio molecular dy-
namics (AIMD) simulations at 500 K. Our theoretical study sug-
gests that Ag/O,-MXene and Cu/O,-MXene are highly active, se-
lective, and robust electrocatalysts for NO;RR to produce ammo-
nia under ambient conditions.

4. Experimental Section

Spin-polarized DFT calculations were conducted to optimize the atomic
positions of the structures by VASPI®] using the projector augmented
wave (PAW) potentials with a plane-wave cutoff energy of 450 eV.[>7:58]
The generalized gradient approximation (GGA) functional of Perdew,
Burke, and Ernzerhof (PBE) was applied as the exchange-correlation
functional.l>®! All structures were fully optimized until achieving the con-
vergence criteria of 107> eV for electronic energies and 0.03 eV A~' for
atomic forces. The grimme’s semi-empirical DFT-D3 dispersion correc-
tion was utilized to describe the van der Waals (vdW) interactions.[®0] The
3 X 3 x 1 supercell of Ti;C,0, was used to model defective MXenes as
SAC-supporting substrates. In order to eliminate the effects between two
adjacent layers, a vacuum region of 15 A was added in the z-direction.
For structural optimizations, the Brillouin zones integrations were per-
formed with a gamma-centered 3 x 3 x 1 Monkhorst-Pack k-point mesh
grid, whereas k-point mesh was increased to 5 x 5 x 1 for the density of
states (DOS) calculations. The CI-NEB method as implemented in VTST
tools was applied to calculate the transition states with a convergence cri-
terion of 0.05 eV A~ for atomic forces.I®"] The solvation effect was not
included since it has little effect on energy variation.[’262] Bader charge
population analysis was applied to describe the charge variation of the in-
termediates in the NO;RR process.[%3] To evaluate the thermal stability of
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the catalysts, AIMD simulations were performed both in a vacuum and
using an explicit model (with 20 H,0 molecules added on the top of the
catalyst surface) in the NVT canonical ensemble at 500 K for 10 ps, us-
ing a time step of 1fs.14] VASPKIT, as a postprocessing program for the
VASP code, was adopted to analyze the DOS diagrams and charge density
difference.[6]

The Gibbs free energy calculations for NO;RR were based on the com-
putational hydrogen electrode (CHE) model.[®] The free energy of the
proton-coupled electron pair of (H* + e7) is related to that of 1/2 H; 5.
The change of Gibbs free (AG) of each individual step during the NO;RR
process was calculated by:

AG = AE + AZPE — TAS + Ue + AG,, m

where AE is the DFT calculated reaction energy difference between the re-
actants and the products, AZPE is the zero-point energy, AS is the entropy
change (summarized in Table S4, Supporting Information), T represents
the finite temperature, e is the charge transferred, U is the applied poten-
tial, and AG, is considered as the correction free energy of H*.

The Gibbs free energy change of charged NO3™ ;) adsorbed on the

electrode surface was calculated by a thermodynamic cycle (see Support-
ing Information for details), the expression is described as:
AGinos = Ginos — Gsur — GHNO3(g) + .l/ZGHZ(g) + AGcorrect )
where Ginos, Gourr GHnos(g)y @nd Gy are the Gibbs free energy of
NO;~ adsorbed on TM/O,-MXenes, O,-MXenes, HNOs, and H, gas
molecule. AG et denotes the correction of adsorption energy and was
set to 0.392 eV.

The formation energy of TM/O,-MXene is described as:

1
Erm = 5 Eoagg) ©)

AEgy = ETM/MXene + Eri — Epmxene —
where Eryi/vixene @nd Epixene are the energy of Ti;C,0, after and before
the single transition metal atom immobilization; while Ey; Ery, and Eqy
are the per atom energy of the bulk unit cell of Ti, the embedded single
transition metal atom, and an O, gas molecule, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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