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Single-Atomic Ruthenium Active Sites on Ti3C2 MXene with
Oxygen-Terminated Surface Synchronize Enhanced Activity
and Selectivity for Electrocatalytic Nitrogen Reduction to
Ammonia
Gang Chen,[a] Mingmei Ding,*[a, b] Kai Zhang,[c] Zhen Shen,[a, b] Yueting Wang,[a, b] Jun Ma,[a]
Ao Wang,[a, b] Yiping Li,[a] and Hang Xu*[a, b]
Downsizing the catalyst to atom scale offers an effective way to
maximize the atom utilization efficiency for electrocatalytic
nitrogen reduction reaction (NRR). Herein, single-atomic ruthenium (Ru) anchored on a chemically activated Ti3C2 with
O-terminated groups (Ti3C2O) was designed to catalyze the NRR
process. The catalyst achieved a superior activity and selectivity
with ammonia yield rate of 27.56 μg h 1 mg 1 and faradaic
efficiency of 23.3 % at a low potential of 0.20 V versus the
reversible hydrogen electrode. According to the atomic resolution images from aberration-corrected scanning transmission
electron microscopy, Ru sites on Ti3C2O achieved good

dispersion on atomic scale. X-ray photoelectron spectroscopy
analysis further demonstrated that the O-termination groups
were successfully activated. Density functional theory calculations combined with experiments revealed that single Ru sites
binding to four oxygen were the main reaction centers that
permitted the hydrogenation of *NNH2 to *NHNH2 in a novel
distal/alternating hybrid path while reducing the energy barrier
of the potential-limiting step to 0.78 eV from 0.96 eV in the
distal path alone or 1.18 eV in the alternating path alone,
thereby significantly promoting the NRR dynamics.

Introduction

NRR in the aqueous environment,[4] and the other is the high
activation barrier for breaking the stable N�N triple bond with a
bond energy up to 941 kJ mol 1, leading to a poor faradaic
efficiency (FE) and low ammonia production rate.[5] Therefore,
developing electrocatalysts with high activity, selectivity, and
durability becomes an effective strategy to address these
challenges.
Previous reports have demonstrated the empty and occupied d orbitals in transition metals (TMs) featured the “acceptance-donation” electrons of N2, which could reinforce N2
adsorption and weaken the N�N triple bond.[6] Heterogeneous
electrocatalysts based on atomically dispersed TM atoms on a
substrate have recently attracted wide interest because of the
low-coordination environment of isolated atoms and the
maximum atomic utilization efficiency.[7] These characteristics
endowed single-atom catalysts (SACs) with superior activity and
selectivity for several electrochemical reactions.[8] Among them,
Ru SACs dispersed on supports were extensively explored as an
efficient electrocatalyst for electrochemical NRR because of the
appropriate
nitrogen
adsorption
energy
and
low
overpotential.[9] Most recently, Zeng and co-workers reported
Ru SACs on N-doped carbon having excellent NRR activity with
the FE of 29.6 % and NH3 yield rate of 120.9 μg mg 1 h 1.[10]
Furthermore, single Ru sites encapsulated in N-doped porous
carbon were also developed for efficient NRR with NH3 yield
rate up to 3.665 mg h 1 mgRu 1 at 0.21 V and the FE below
9 %.[11] Although these significant achievements have been
made, it is still challenging to simultaneously acquire superior
FE and outstanding ammonia production rate. In addition, the
complex operating steps and harsh synthetic conditions greatly
hindered the practical application of SACs. Thus, developing a

As a highly valued compound, ammonia (NH3) has played a
significant role in the fields of agricultural fertilizer, textile
industries, and medicaments, and exerts great advantages as
carbon-free energy carrier due to high hydrogen density.[1]
Generally, NH3 production primarily depends on the industrial
Haber–Bosch process, which operates under harsh conditions
with high temperature (350–550 °C) and high pressure (150–
350 atm) accompanied by large amounts of CO2 emission and
energy consumption.[2] Electrocatalytic nitrogen reduction reaction (NRR) to ammonia has attracted tremendous attentions
due to its environmental friendliness and ambient reaction
conditions as well as abundant aqueous electrolytes.[3] However,
NRR still faces two fundamental challenges. One is the
competition between hydrogen evolution reaction (HER) and
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surface. Then, Ru3 + cations were doped onto Ti3C2O after the
adsorption of Ru species under strong magnetic stirring. Finally,
tannic acid was dropwise added into the Ru-Ti3C2O solution,
followed by continuous stirring for 4 h. During this process,
Ru3 + would to be gradually reduced to Ru SAs, which were
then spontaneously immobilized onto Ti3C2O surface to form Ru
SAs/Ti3C2O.
The transmission electron microscopy (TEM) image at a low
magnification displayed the typical morphology of the synthesized Ru SAs/Ti3C2O (Figure S1 in the Supporting Information).
Figure 1a displays the spherical aberration-corrected high-angle
annular dark-field (HAADF-)STEM image and magnified HAADFSTEM image of Ru SAs/Ti3C2O. The results demonstrated that
the single Ru atoms were well dispersed on the lattice of Ti3C2O.
Bright spots in the HAADF-STEM images revealed individual Ru
atoms, and some Ru atoms were annotated with colored circles
at a high magnification (Figure 1b, c). Tannic acid, as one of the
plant polyphenols, provides plentiful hydroxy groups and
multiple aromatic rings, which could act as the reducing and
immobilizing agents (Figure S2).[14] These properties could avoid
the aggregation of the emerging Ru atoms, thereby resulting in
finely dispersed Ru SAs on the Ti3C2O substrate. The energydispersive X-ray spectroscopy (EDX) elemental analysis further
demonstrated the uniform distribution of C, Ti, O, and Ru
elements throughout the whole Ru SA/Ti3C2O (Figure 1g). The
Ru mass loading in Ru SAs/Ti3C2O was around 0.43 wt%,
determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES). The synthetic Ti3C2O lattices were
visualized by their crystallographic patterns, as illustrated in
Figure 1c, d. For comparison, Ru nanoparticles on Ti3C2O surface
with Ru loading of 2.14 wt%, denoted as Ru NPs/Ti3C2O, were
also prepared by using NaBH4 as the reductive agent. The TEM
image shown in Figure 1e indicated that Ru nanoparticles with
distinct black spots were immobilized onto the Ti3C2O surface.
The lattice fringes of 0.21 and 0.23 nm were observed under
high-resolution TEM, corresponding to the (002) and (100)
lattice planes of Ru (Figure 1f). In addition, EDX characterization
shown in Figure S3 also validated the presence of Ru NPs on
the surface of Ru NPs/Ti3C2O.
X-ray diffraction (XRD) analysis was carried out to confirm
the structure of the above products. Figure 2a revealed the XRD
pattern of a typical Ti3AlC2 phase. Further observation showed
that the complete disappearance of diffraction peak at 2θ = 39°
and a left-shift of the (002) peak validated the selective removal
of Al in the Ti3AlC2 phase and the formation of Ti3C2Tx. Notably,
no diffraction peak of Ru crystals was identified from the XRD

practical and facile strategy to fabricate SACs on ideal supports
for maximizing their activities would be a meaningful and
attractive research.
Owing to its excellent metallic conductivity and surfaceengineered property, Mn + 1XnTx (n = 1–3) MXene has already
been adapted as a promising substrate.[12] For example, Tan and
co-workers have reported that Ru single atoms (SAs) could be
spontaneously immobilized on activated Mo2CTx MXene nanosheets with defect Mo sites to achieve a high-performance NRR
catalysis.[13] Compared with the inactive surface-terminating
groups T (T = F and OH), the O-terminated groups possessed
great advantage to trap Ru atoms due to the stable Ru O4
coordination structure. Besides, theoretical calculation further
revealed that Ru O4 coordination structure presented the
lowest formation energy, implying the stable Ru O4 structure
(Table S1). Inspired by the above thoughts, we herein developed an alkaline-activated method to tailor Ti3C2 catalyst with
O-terminated groups (Ti3C2O) for anchoring the Ru SAs in the
presence of tannic acid. The synthesized Ru SAs/Ti3C2O catalysts
promoted the selective electroreduction of N2 to NH3 in 0.1 m
HCl aqueous electrolytes and exhibited NH4 + production rate of
27.56 mg h 1 mg 1 and a FE of 23.3 % at 0.2 V versus the
reversible hydrogen electrode (RHE). The O-terminated groups
were verified by X-ray photoelectron spectroscopy (XPS)
analysis. The atomic dispersion of Ru sites on Ti3C2O was directly
observed by atomic resolution images from aberration-corrected scanning transmission electron microscopy (STEM).
Importantly, theoretical calculation further revealed that electrochemical N2 reduction on single Ru sites followed a novel
distal/alternating hybrid path and accelerated the NRR kinetics,
in which the energy barrier of the potential-limiting steps was
decreased to 0.78 eV after altering the hydrogenation of *NNH2
to *NHNH2.

Results and Discussion
The schematic representation shown in Scheme 1 illustrates the
synthetic procedure of Ru SAs/Ti3C2O. Firstly, Ti3C2Tx samples
were synthesized by selective etching of Al atoms from parent
Ti2AlC3 in a mixed solution of lithium fluoride and hydrochloric
acid. The surface of Ti3C2Tx samples was decorated with large
amount of F groups during the synthesis. After that, Ti3C2Tx
samples were treated under alkaline conditions to gain the Oterminated surface. The saponification would contribute to
introduce high density of O-termination (Ti3C2O) onto the

Scheme 1. Schematic illustration for the synthetic procedure of Ru SAs/Ti3C2O.
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Figure 1. (a) HAADF-STEM image of Ru SAs/Ti3C2O. (b, c) Magnified HAADF-STEM image of Ru SAs/Ti3C2O. The confirmed Ru single atoms are marked by light
bule and green circles. (d) TEM image of Ti3C2O with lattices. (e, f) TEM image of Ru NPs/Ti3C2O. (g) EDX maps of Ru SAs/Ti3C2O showing the dispersion of Ti
(red), C (pink), O (light blue), and Ru (green), respectively.

Figure 2. (a) XRD patterns of the as-prepared samples. SEM images of (b) Ti3C2O, (c) Ru NPs/Ti3C2O, and (d) Ru SAs/Ti3C2O. High-resolution XPS spectra of (e) Ti
and (f) O for the obtained samples.
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system separated by a proton exchanged Nafion 117 membrane. The Ru SAs/Ti3C2O catalyst loaded onto a carbon paper
was directly used as a working electrode. The loading of the
catalyst was determined to be 0.2 mg cm 2. The loading of
0.2 mg cm 2 was chosen for electrochemical measurements to
balance the noble metal cost and catalytic activity. Linear sweep
voltammetry (LSV) curves were recorded in Ar- and N2-saturated
0.1 m HCl aqueous solution. As shown in Figure 3a, a slightly
higher cathodic current density was observed between 0.1
and 0.6 V in N2-saturated solution than that measured in Arsaturated solution, suggesting an occurrence of NRR on Ru SAs/
Ti3C2O. The chronoamperometry analysis was further conducted
to quantify NH3 yield and FE of Ru SAs/Ti3C2O at a series of
applied potentials from 0.1 to 0.5 V. The current density of
the current (i)-time (t)curves displayed almost unchanged
during the NRR tests, revealing its excellent robustness (inset of
Figure 3a). After 120 min, the amount of produced NH3 at
different potentials was determined by the indophenol blue
reagent method,[19] and the corresponding standard curves for
NH3 were exhibited in Figure S7.[5c] As displayed in Figure 3b,
the NH4 + yield rate increased first with the potential and then
decreased with the potential over 0.2 V due to the competitive HER at a higher overpotential. Specifically, with the
potential of 0.2 V versus RHE, the Ru SAs/Ti3C2O achieved the
maximum NH4 + yield rate of 27.56 μg h 1 mg 1 and the FE of
23.3 %, which were even comparable to that of other reported
metal catalysts under the near-ambient conditions (Table S2).
The isotope labeling experiments were performed to clarify the
nitrogen origination of ammonia. The 1H nuclear magnetic
resonance (NMR) spectra of commercial 14NH4Cl and 15NH4Cl

pattern of Ru SAs/Ti3C2O, demonstrating the absence of large
Ru particles or aggregates. By contrast, large Ru aggregates
were confirmed by the characteristic peak of Ru crystals at 2θ =
44° in the XRD pattern of Ru NPs/Ti3C2O (Figure S4). As
observed from scanning electron microscopy (SEM) images, the
Ru NPs/Ti3C2O and Ru SAs/Ti3C2O showed rough surfaces, which
were clearly distinct with the smooth morphology of the Ti3C2O
(Figure 2b–d). XPS was employed to probe the electronic
properties of the catalyst. As shown in Figure 2e, the Ti 2p3/2
components were divided into a peak of Ti C bond at 455.4 eV
and the other peak of substoichiometric Ti Cx (x < 1) at
456.4 eV.[15] Notably, after alkaline treatment of Ti3C2Tx, the Ti O
bond at 459.3 eV was significantly intensified, whereas the Ti F
bond at 457.7 eV was diminished.[16] Besides, the percentage of
Ti F bond in the Ti3C2Tx was clearly higher in comparison with
that in the Ti3C2O, verifying the reduced Ti F bond after the
alkaline treatment (Figure S5). The presence of Ru was confirmed by the Ru 3p signal, which was obscured by the Ti 2p
signal. The Ru 3p3/2 peak of Ru SAs/Ti3C2O at 463.3 eV was
attributed to the oxidized Ru while that of Ru NPs/Ti3C2O at
461.6 eV corresponded to the metallic Ru.[17] As shown in
Figure 2f, the O 1 s spectra were resolved into three components at 530.4, 531.6, and 532.8 eV, which were ascribed to
Ti O species, Ti OH species, and surface-adsorbed H2O species,
respectively.[18] Compared with Ti3C2Tx, the high content of Ti O
with O ratio of 37.7 % in Ti3C2O suggested the successful
modification of the O-terminated surface, which might exert a
key role in anchoring the Ru atoms (Figure S6).
The electrochemical NRR performance was subsequently
evaluated in a gas-tight H-type cell with a three-electrode

Figure 3. (a) LSV curves of Ru SAs/Ti3C2O at N2- or Ar-saturated 0.1 m HCl electrolyte. Inset: i-t curves of chronoamperometry testing at applied potentials from
0.1 to 0.5 V versus RHE. (b) NH4 + yield and FE of Ru SAs/Ti3C2O at different overpotentials. (c) Isotopic labeling results of both 14NH4 + and 15NH4 + obtained
from the NRR reaction using 14N2 or 15N2 as the nitrogen source, respectively. (d) Cycling stability of Ru SAs/Ti3C2O at 0.2 V versus RHE for 8 cycles. (e) NH4 +
yield and FE of Ru SAs/Ti3C2O, Ru NPs/Ti3C2O and Ti3C2O at 0.2 V versus RHE. (f) Nyquist plots of Ru SAs/Ti3C2O, Ru NPs/Ti3C2O and Ti3C2O.
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samples were collected as the reference spectra. By using 14N2
as the feed gas, the 1H NMR spectra exhibited an obvious triplet
in the region near 6.80–7.20 ppm, which was assigned to
14
NH4 + (Figure 3c). Notably, a well-known 15N doublet produced
by the 15N nuclear spin was observed at the 1H NMR signal of
15
NH4 + in the same region.[20] These results confirmed that the
produced ammonia originated from the electrochemical reduction of N2 on the Ru SAs/Ti3C2O instead of other contaminations.
Apart from the NRR activity, the durability is also a vital
parameter of the catalytic performance for practical applications. The catalytic stability of Ru SAs/Ti3C2O was evaluated by
detecting the ammonia production every 2 h for 8 cycles and
20 h chronoamperometry test. As shown in Figure 3d, the FE
efficiency and ammonia yield rate exhibited negligible variation
after eight cycles of electrolysis, demonstrating its strong
stability for NRR electrocatalysis. Furthermore, no obvious NRR
current loss was observed during long-term electrolysis process
for 20 h, which further verified its superior electrocatalytic
durability (Figure S8). A series of characterizations were subsequently employed to investigate the structural and morphology changes of the Ru SAs/Ti3C2O electrocatalyst after longterm activation. As displayed in the HAADF-STEM images, the
single-atomic Ru nature of Ru SAs/Ti3C2O catalyst was still well
maintained after the electrocatalysis (Figure S9). The XRD
analysis also confirmed the catalyst remained its structure after
NRR (Figure S10). Moreover, different N2 flow rate was
performed to investigate the NRR efficiencies. Figure S11 shows
that the NH3 yield rate and FE were similar, suggesting that the
NRR was independent of the gas-solid interface and N2 diffusion
was not the rate-determining step. For comparison, the NRR
activity of Ru NPs/Ti3C2O was also investigated under the same
condition. With applied potentials, Ru NPs/Ti3C2O exhibited a
lower NH3 yield rate than Ru SAs/Ti3C2O. Typically, Ru NPs/
Ti3C2O also reached the highest NH3 yield rate of only
8.32 μg h 1 mg 1 at 0.2 V versus RHE, which was one third of
Ru SAs/Ti3C2O (Figure 3e). Accordingly, Ti3C2O substrate exhibited an even lower NH3 yield rate of 5.43 μg h 1 mg 1, implying
a weak response to N2 reduction (Figure 3e). To get further
insights into N2 reduction, electrochemical impedance spectroscopy (EIS) was employed to examine the kinetics of these
electrocatalysts.[21] The Nyquist profiles indicated that Ru SAs/
Ti3C2O possessed the smallest resistance with a charge-transfer
resistance (Rct) of 0.7 Ω, indicating the efficient charge transfer
during NRR process (Figures 3f and S12). Several control experiments were also performed to verify that the detected products
were generated from electrocatalytic NRR instead of Ru SAs/
Ti3C2O itself. These operating conditions were described as
follows: (i) the electrolyte was aerated with N2 gas at opencircuit potential (OCP); (ii) the Ar-saturated electrolyte was
catalyzed at 0.2 V versus RHE for 2 h; (iii) the pristine carbon
paper without Ru SAs/Ti3C2O was used as the working
electrode. As shown in Figure S13, negligible NH3 production
was detected in either case, revealing that Ru SAs/Ti3C2O served
as an active ingredient in the constructed electrode.
The remarkable activity of Ru SAs/Ti3C2O was rationally
attributed to the introduction of Ru SAs into Ti3C2O structures
ChemSusChem 2021, 14, 1 – 9
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with O-termination (Figure 4a). The local electron-deficient
environment at Ru SAs position would provide an optimal
adsorption site of N2 for subsequent NRR. To figure out the NRR
reaction mechanism on Ru SAs/Ti3C2O at an atomic level, we
resorted to the theoretical computation based on density
functional theory (DFT), considering the Ru single atom
coordinated with four oxygen atoms. In principle, the mechanism of N2 reduction to ammonia on heterogeneous catalysts
could be classified into two types, the dissociative pathway and
the associative pathway, where the corresponding adsorption
configurations of N2 were the “side-on” mode and “end-on”
mode, respectively.[22] Further calculation indicated that N2
absorption energy of the “end-on” mode ( 6.3 eV) was much
lower than that of the “side-on” mode ( 0.36 eV), suggesting
the preferential N2 adsorption on the “end-on” mode (Figure 4b). The NRR steps were firstly calculated following the
associative distal pathway. As displayed in Figure 4c, the nitrogen atom detaching from the catalyst surface was hydrogenated to form the *N2H on Ru site through combining a
proton coupled with electron transfer, with the energy barrier
of 0.78 eV. The neighbor (H + + e ) could react with the distal N
atom to generate the *NNH2 species. The hydrogenation at the
distal N atom of *NNH2 resulted in the formation and
subsequent detachment of NH3, and the corresponding energy
barrier was calculated to be 0.96 eV. Then, the remaining *N
species conducted three consecutive protonation to produce
second NH3 by a similar path. In the associative distal pathway,
the formation of adsorbed intermediate N* was the potentiallimiting step, requiring the maximum energy barrier of 0.96 eV.
For the case of associative alternating pathway, two nitrogen
atoms were in turn combined with the (H + + e ) until the
cleavage of final N�N bond, leading to the release of ammonia.
The limiting step of the whole process for NRR was dominated
by the transformation of *NHNH to *NHNH2, which consumed
the activation barrier of 1.18 eV at zero electrode potential (U =
0). Notably, the activation barrier could be effectively reduced
through altering the hydrogenation of *NNH2 to *NHNH2 (ΔG =
0.45 eV), which involved both the distal and alternating paths.
Meanwhile, the potential-limiting step in the distal/alternating
hybrid path changed as the hydrogenation of *N2 to form *N2H
with the activation barrier of 0.78 eV, which was the lowest
barriers among these three paths. Also, in the dissociative
mechanism, the N�N triple bond was reductively cleaved before
the initiation of protonation step, and the energy barrier of the
determining rate step to form adsorbed intermediate (*NH +
*NH2) was determined to be as much as 1.83 eV (Figures 4c and
S14). In addition, the Gibbs free energy for the adsorption of
intermediate hydrogen on Ru SAs/Ti3C2O was calculated to be
0.12 eV. Thus, it was concluded that the conversion of activated
N2 to NH3 occurring on the surface of Ru SAs/Ti3C2O catalyst
preferred to follow the associative distal/alternating hybrid
mechanism with a smaller overpotential.
S
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Figure 4. (a) Schematic diagram of NRR for Ru SAs/Ti3C2O. (b) Nitrogen absorption energy of the “side-on” mode and the “end-on” mode. (c) Calculated energy
profile of different NRR pathways on Ru SAs/Ti3C2O samples: distal associative pathway (blue line), alternating associative path (red line), and distal/alternating
associative path (dark green line), as well as dissociative path (light dark line).

Conclusion

Experimental Section

A facile chemical-assisted strategy was developed to synthesize
Ru single-atoms (SAs)/Ti3C2O catalyst, which was adopted as a
highly efficient electrocatalyst for N2 electroreduction (NRR) to
NH3. X-ray photoelectron spectroscopy results confirmed the
successful activation of O-termination groups. The single Ru
atoms immobilized onto Ti3C2O substrate were directly observed with the aid of high-angle annular dark-field scanning
transmission electron microscopy images. As expected, such
catalyst afforded a desirable NH3 yield rate of 27.56 μg h 1 mg 1
and a high faradaic efficiency of 23.3 % at a low potential of
0.2 versus reversible hydrogen electrode. Further density
functional theory calculations revealed that single Ru sites as
the active centers preferred to follow a novel distal/alternating
hybrid path for the electrocatalytic NRR, which altered the
hydrogenation of *NNH2 to *NHNH2 and reduced the energy
barrier of the potential-limiting step, thereby facilitating the
NRR dynamics. This work not only provides a simple and
effective strategy for fabricating atomically dispersed singleatom catalysts and paves an alternative avenue for efficient N2
fixation under ambient conditions, but also opens an exciting
direction toward NRR.

Reagents and materials

ChemSusChem 2021, 14, 1 – 9
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Ti3AlC2 (MAX) powder (CAS#190605-01-1, purity � 99.5 %,
300 mesh) was obtained from Yuehuan Company (Shanghai, China).
Hydrogen fluoride (HF, CAS#7664-39-3, � 40 %) was provided by
Sigma-Aldrich (Beijing, China). Ruthenium chloride (RuCl3·xH2O,
CAS#14898-67-0, 99.98 %), tannic acid (TA, CAS#1401-55-4,
C76H52O46, 99.9 %), and sodium borohydride (NaBH4, CAS#16940-662, � 96.0 %) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. Ammonium chloride (NH4Cl), sodium hydroxide (NaOH), and
carbon paper were purchased from Beijing Chemical Corporation.
Hydrochloric acid (HCl) and Nafion were procured from Aladdin Ltd.
(Shanghai, China).

Preparation of Ti3C2O
Ti3C2Tx was prepared by a mild method reported by the previous
work.[23] Typically, 2 g of LiF powder was dissolved in 30 mL of 6 m
HCl solution under stirring for 5 min. Then, 2 g of Ti3AlC2 was slowly
added into the above LiF-HCl etchant with a following reaction at
35 °C under continuous stirring for 24 h. After that, the mixture was
separated by centrifugation at 3500 rpm to remove residural HF
and impurities, and washed with deionized water for several times
until the pH exceeded 6. Finally, Ti3C2Tx sediments were collected
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and alkaline-activated by immersing into 5 wt% NaOH solution for
2 h to obtain Ti3C2O sample.

RHE in the frequency range of 105–10 2 Hz with AC amplitude of
5 mV using a three-electrode cell with 0.1 m HCl as the electrolyte.

Preparation of Ru SAs/Ti3C2O and Ru NPs/Ti3C2O

Product quantification and identification

Synthesis of Ru SAs/Ti3C2O was as follows. Firstly, 0.15 mL of RuCl3
solution (20 mm) was added into 20 mL of Ti3C2O solution (1 g L 1)
under magnetic stirring of 400 rpm at a constant temperature.
Meanwhile, 5 mL of tannic acid solution (20 mm) was added
dropwise to the above mixed solution, and stirred for 4 h. The final
Ru SAs/Ti3C2O was collected from the mixed solution by centrifuging and washing with deionized water for several times. The
preparation process of Ru NPs/Ti3C2O was similar to the above
process, except with altering tannic acid solution to 20 mg of
NaBH4.

The indophenol blue method was employed to spectrophotometrically determine the concentration of produced NH4 +.[5c] Specifically,
2 mL of 1 m NaOH solution containing sodium citrate (5 wt%) and
salicylic acid (5 wt%) was added into 2 mL of post-tested solution,
followed by the addition of 1 mL of 0.05 m NaClO and 0.2 mL of
Na2[Fe(CN)5(NO)] (1 wt%). An UV/Vis spectrophotometer was used
to measure the absorption spectrum at 655 nm to determine the
concentration of indophenol blue. The concentration-absorbance
curve was calibrated to evaluate the concentrations of standard
ammonia chloride (NH4Cl) solution.
Isotope labeling test was conducted in a 15N2 saturated 0.1 m HCl
electrolyte. A 15N2-enriched gas (Sigma-Aldrich, � 99 %) was continuously fed into the cathode with a constant flow rate of
20 mL min 1 during the test. After the electrolytic test for 12 h, the
obtained electrolyte was analyzed using 1H NMR spectroscopy with
600 MHz.

Material characterization
The morphologies of samples were observed by a JEOL fieldemission SEM and high-resolution (HR)TEM (FEI Tecnai G2 F20).
HAADF-STEM and EDS were conducted on a JEOL ARM200 microscope with an accelerating voltage of 200 kV. XRD analysis was
carried out to detect the phase composition of samples with CuKα
radiation (λ = 0.15406 nm). XPS was carried out on a PHI5000 Versa
Probe system, and the spectra were calibrated by reference to the
C 1 s peak at 284.8 eV. The Ru mass loadings were measured by
ICP-OES (Optima 8300, PerkinElmer).

Calculation of the NH4 + yield rate and FE
The NH4 + yield rate and the FE were calculated by the following
Equations (3) and (4), respectively:

Electrochemical measurements
The electrochemical properties were measured on an electrochemical station (Gamry) using a three-electrode system with Ag/
AgCl electrode as the reference electrode and graphite rod as the
counter electrode. The measurements were carried out in an H-cell
system, where a Nafion 117 membrane was employed to separate
the working and counter electrode compartments. The concentration of KCl in Ag/AgCl electrode was 3.5 m KCl. The cell volume
was 40 mL. To prepare the electrode slurry, 1 mg of catalyst, 10 μL
of Nafion solution (5 wt%), and 90 μL of water–ethanol solution
(volume ratio of 1 : 3) were mixed and sonicated for 1 h. Then, 20 μL
of the dispersion was dropped onto a cleaned carbon paper
electrode (1 cm × 1 cm). The loading of the catalyst was determined
to be 0.2 mg cm 2. The loading of 0.2 mg cm 2 was chosen for
electrochemical measurements to balance the noble metal cost and
catalytic activity. All the potentials in this work were measured
against the Ag/AgCl reference electrode and converted into RHE by
the following Equation (1):

ERHE ¼ EAg=AgCl þ 0:20 V þ 0:0591 V � pH

(4)

The spin-polarized DFT calculation was carried out using the Vienna
Ab initio Simulation Package (VASP version 5.4).[25] The exchangecorrelation functional was described by the Perdew, Burke, and
Ernzerhof (PBE) parameterizations of the generalized gradient
approximation (GGA).[26] The interaction between the electrons and
the ions was treated within the projector augmented-wave (PAW)
approximation.[27] A cutoff energy of 400 eV was employed for the
plane-wave basis set. A conjugate-gradient algorithm was used to
relax the atoms into their instantaneous ground state positions. The
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(1)

(2)
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FE ¼ ð3 F � CNH4 þ � VÞ=ð18 � QÞ

Computational method

Free-energy change ΔG of the reaction was calculated as the
difference between the free energies of the initial and final states
as shown in Equation (5):

N2 (> 99.999 %) was aerated into HCl solution for at least 30 min to
remove residual air prior to the electrochemical experiment. The
potentiostatic test and the argon (> 99.999 %) control experiment
were conducted at the potentials of 0.1, 0.2, 0.3, 0.4, and
0.5 V versus RHE. The feed gas was pre-purified before conducting
N2 electrolysis according to the previous methods.[24] EIS measurements of catalysts were conducted at the potential of 0.2 V versus

ChemSusChem 2021, 14, 1 – 9

(3)

where CNH4 þ is the measured NH4 + concentration, V is the volume
of electrolyte, t is the NRR time, mcat. is the mass of catalyst, F is the
Faraday constant (96485 C mol 1), and Q is the quantity of applied
electricity.

Electrocatalytic reduction of N2 on the cathode was conducted in
N2-saturated 0.1 m HCl solution at room temperature and atmospheric pressure [Eq. (2)]:

N2 þ 8 Hþ þ 6 e ! 2 NH4 þ

NH4 þ yield rate ¼ ðC NH4 þ � VÞ=ðt � mcat: Þ

DG ¼ DE þ DZPE TDS
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(5)
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obtained from DFT calculation, ~ZPE is the change of zero-point
energy, and T and ~S denote the temperature and change of
entropy, respectively. T = 300 K was considered.
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RESEARCH ARTICLE
This is the way: Single-atomic Ru
anchored on Ti3C2O substrate
exhibits superior activity and selectivity toward electrocatalytic nitrogen
reduction reaction (NRR) with an
ammonia yield rate of
27.56 μg h 1 mg 1 and a faradaic efficiency of 23.3 %. Density functional
theory calculations combined with
physical characterization reveal that
single Ru sites binding to four
oxygen atoms are the main reaction
centers that achieve a novel distal/alternating hybrid path, significantly
promoting the NRR dynamics.
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