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ABSTRACT: Nanoscale defect engineering plays a crucial role in incorporating extraordinary catalytic properties in two-
dimensional materials by varying the surface groups or site interactions. Herein, we synthesized high-loaded nitrogen-
doped Boridene (N-Boridene (Mo4/3(BnN1−n)2−mTz), N-doped concentration up to 26.78 at %) nanosheets by chemical 
exfoliation followed by cyanamide intercalation. Three different nitrogen sites are observed in N-Boridene, wherein the 
site of boron vacancy substitution mainly accounts for its high chemical activity. Attractively, as a cathode for Mg−CO2 
batteries, it delivers a long-term lifetime (305 cycles), high-energy efficiency (93.6%), and ultralow overpotential (∼0.09 V) 
at a high current of 200 mA g−1, which overwhelms all Mg−CO2 batteries reported so far. Experimental and computational 
studies suggest that N-Boridene can remarkably change the adsorption energy of the reaction products and lower the 
energy barrier of the rate-determining step (*MgCO2 → *MgCO3·xH2O), resulting in the rapid reversible formation/ 
decomposition of new MgCO3·5H2O products. The surging Boridene materials with defects provide substantial 
opportunities to develop other heterogeneous catalysts for efficient capture and converting of CO2. 

1. INTRODUCTION
Metal−CO2 batteries, relative to the utilization and fixation of CO2, are emerging as a typical “killing two birds with 

one stone” strategy, and economics of these batteries will handle the challenges of energy crises and the greenhouse 
effects.1−4 Various rechargeable metal−CO2 batteries with the anodes of comprising Li, Na, and K have been developed 
in the past decade.5−7 Nevertheless, their high activities, dendrite formation, and high costs have restricted practical 
application.8,9 Comparatively, the Mg candidate is anticipated to offer substantial improvements in the volumetric 
energy density and battery affordability, due to the use of earth-abundant, high-capacity, and dendrite-resistant 
Mg−metal anodes.10−12 However, there are still several issues, including high polarization rate, slow redox reaction 
kinetics, and poor reversibility, for the Mg−CO2 batteries. The fundamental reason is that the carbonate (MgCO3) 
reaction product exhibits insulating properties and then makes C=O bonds virtually unbreakable, which decreases 
the electrochemical activity.13−15

Catalyst modification is an effective way to solve these issues by changing the discharge products.16−20 The Mo2C-
based catalyst facilitates the generation of MgC2O4 in the Mg−CO2 batteries.13,21 However, undecomposed side 
products (MgCO3, MgO) accumulate at the cathode, which increased the interfacial impedance, and slowed the carbon 
dioxide reduction reaction (CO2RR) and carbon dioxide evolution reaction (CO2ER) kinetics.22 In addition, carbon 
nanotubes (CNTs) can induce the formation of MgCO3·3H2O discharge products from Mg−CO2 batteries in a moist CO2 
atmosphere, which allows for charging/discharging cycles.23 Unfortunately, the CNTs cause the rapid failure of cycling 
performance and high overpotential in the batteries due to their poor catalytic capacities. Therefore, the development 
of efficient catalyst for the Mg−CO2 batteries still remains a great challenge. 

More recently, a new two-dimensional (2D) molybdenum boride (labeled Boridene), related to the normal 
composition of Mo4/3B2−xTz (where Tz is F, O or OH), can be prepared by selective etching of Y/Al atoms from the 3D 
in-plane chemically ordered MAB ((Mo2/3Y1/3)2AlB2) phase in HF solutions.24,25 Unlike carbon-based MXenes or 
graphene-typical materials,26−28 this Boridene becomes more irregular due to the removing of two heterogeneous 
metallic atom layers, which results in the formation of a typical crumpled morphology with a large surface area.29,30 
More importantly, the B layer in Boridene has also been greatly destroyed because of the break of B−B bonds, 
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resulting in a large number of macro-porous and microdefects.31 In this regard, Boridene provides two important 
characteristics for the syntheses of various functional materials. On the one hand, differing from the C element (2s22p2), 
the B element with a 2s22p1 electron structure can provide either empty orbit space or free-electron, displaying 
semiconducting, semimetallic, or metallic behavior.32 On the other hand, Boridene possesses not only the ordered Y 
vacancies but also a plenty of unsaturated B sites, providing possible positions to anchor metallic or nonmetallic 
groups.  

In the present work, we first fabricated nitrogen-doped Boridene (N-Boridene, (Mo4/3(BnN1−n)2−mTz) nanosheets 
with a high N concentration of 26.78 at % through chemical exfoliation of MAB followed by cyanamide intercalation. 
Three different nitrogen sites have been identified, and the site of boron vacancy substitution is mainly attributed to 
its high reactivity. The N-Boridene catalyst used in Mg−CO2 batteries g−1) and an extremely low overpotential (∼0.09 
V), out-performing all hitherto reported Mg−CO2 batteries. 

Figure 1. Structural characteristics of the N-Boridene. (a) Schematic diagram for preparing the N-Boridene. (b) XRD 
patterns of the MAB, Boridene, and N-Boridene, respectively. SEM images of (c) multilayer and (d) few-layer Boridene. 
(e) SEM, (f) TEM, (g) HRTEM, and (h−k) elemental mapping images of the N-Boridene, respectively. (l) EPR spectra 
of the Boridene and N-Boridene.
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2. RESULTS AND DISCUSSION
A typical two-step method related to chemical exfoliation followed by cyanamide intercalation (Figure 1a) has been 
performed to prepare the crumpled N-Boridene compounds.33−35 Specifically, the diffraction peaks of the MAB 
precursor completely disappeared after chemical exfoliation in a HF solution. As evidenced by the X-ray diffraction 
(XRD) patterns, the (000l) peak becomes broad and be reduced to a lower angle of 2θ ≈ 6.31° in the Boridene, in 
correspondence with the increased distance to 13.47 Å (Figures 1b and S1a). This chemical reaction has been 
confirmed as follows:24 (Mo2/3Y1/3)2AlB2 + 5HF = AlF3 + 2/3YF3 + 5/2H2 + Mo4/3B2−xTx. Subsequently, negatively 
charged Boridene nanosheets were conjugated with positively charged NH2CN by electrostatic  interactions. The 
resultant product was optimizes the reaction routes by forming the new discharge product MgCO3·5H2O in a moist 
CO2 atmosphere and accelerates the charge transfer between the catalyst and product, achieving high cyclability 
(305 cycles at 200 mA annealed at 500 °C to fabricate the N-Boridene. This cyanamide intercalation process has 
been well identified with the shifting of (003) peak toward a lower angle, partially relative to the incorporation of 
N heteroatoms in the defective backbone of the Boridene.36 Additionally, both scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM) images show that the smooth several layer 2D sheets of the 
nanostructured Mo4/3B2−xTz have been successfully exfoliated from the densely layer-stacked structure of MAB 
(Figures 1c,d and S1b−e). As shown in the TEM and high-resolution TEM images (HRTEM, Figures 1e−g and S1d,e), 
some of the ordered vacancies, porous and point defects are homogeneously distributed in the N-Boridene.  

Figure 2. Coordinated N doping. (a) High-resolution N 1s and (b) Mo 3d XPS spectra of the Boridene and the N-Boridene. (c) 
Normalized XANES spectra of Mo K-edge for the Mo foil, MoO2, MoO3, Boridene, and N-Boridene, respectively. (d) Fitted chemical 
valences for Mo atom in the Boridene and the N-Boridene. (e) Fourier-transformed Mo K-edge EXAFS spectra for the Mo foil, 
Boridene, and N-Boridene. (f) FT-EXAFS fitting curves of the N-Boridene. WT-EXAFS plots of (g) Boridene and (h) N-Boridene, 
respectively. (i) Schematic view of three N sites in the N- Boridene. 
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The average lateral size of the N-Boridene is ∼5 μm (Figure S 1f), and the length of the wrinkled nanobelts is ∼100 
nm (Figure 1f). The lattice striation spacing of the N-Boridene is ∼15 Å, corresponding to the (003) plane, 
consistent with the XRD patterns (Figure 1b). According to the element mapping analysis (Figure 1h−k), the chemical 
composition is mainly composed of Mo, B, and N. Additionally, electron para- magnetic resonance (EPR) spectrum 
(Figure 1l) indicates that the intensity of the EPR signal at g = 2.003 for N-Boridene is two times lower than that in 
the Boridene, which tentatively justifies that the lack of vacancies possibly depends on the N atom domination.37

According to the X-ray photoelectron spectroscopy (XPS) combined with the inductively coupled plasma-optical 
emission spectroscopy (ICP-OES) results, the detailed chemical composition of the Boridene is Mo4/3B5/3Tx (Table S2; 
Figure S2). Compared to the previous results, the ratio of Mo and B is similar and the morphology is the same, whereas 
the surface group fraction changes slightly.29 To probe the N-doping structure, XPS measurements have been 
performed. Three different N-bonds (Figure 2a) are observed in the N-Boridene, relative to the lattice substitution 
of boron vacancy at 397.6 eV for NLS (78.48%),38,39 the function substitution at 400.2 eV for NFS, and the surface 
absorption at 402.1 eV for N 40 respectively.  SA, 

Moreover, the N content in the N-Boridene is approximately 26.78 at %, which is the highest value among the 2D 
transition metal carbides or borides (Tables S1 and S3). Note that the peak at 394.9 eV can be classified as Mo 3p3/2, 
due to the peak position overlap between Mo 3p and N 1s.41 In the case of the Mo peaks (Figure 2b), the new 
doublet peaks at 228.55 and 231.5 eV reveal the formation of Mo−N bonds in the N- Boridene.39,41 Compared with 
the Boridene, the high-resolution B 1s peak (Figure S3b) shows the formation of B−N bond in the N-Boridene.42 
These strong chemical interactions between N with Mo or B have also been confirmed in the Fourier transform 
infrared spectrograms (Figure S3c).43

To further probe the coordination structure of Mo in the N-Boridene, we performed X-ray absorption near-edge 
spectra (XANES) of the Mo K-edge (Figure 2c). Specifically, the white-line intensity of the Mo k-edge indicates the 
threshold value of energy absorption (E0) of the N-Boridene (20013.3 eV) is slightly higher than that of the Boridene 
(20012.2 eV), indicating an increment in the higher oxidation state of Mo, with the order of Mo foil < MoO2 < Boridene 
< N-Boridene < MoO3. Additionally, the spectral shape for N-Boridene is similar to that of Boridene, but it is 
distinguished from those of the Mo foil, MoO2, and MoO3. The average chemical valence of the Boridene and N-
Boridene is +4.48 and +4.81, respectively, according to the standard oxides of Mo4+, Mo6+, and Mo foils (Figure 2d).  

In addition, the extended X-ray absorption fine structure (EXAFS) at Mo k-edge (Figure 2e) indicates that the N-
Boridene show the higher peak intensity of Mo−N/O bond compared to the Boridene, signifying a greater average 
coordination number (CN) of the first Mo shell, relative to the decrease of unsaturated B sites.44,45 Note that the 
position   for Mo−Mo bonds is identical for all three samples, and the peak intensities follow by Mo foil > Boridene ≈ 
N-Boridene. This suggests that the CN of Mo−Mo is virtually unchanged, proving that N deposition is related to B 
vacancies rather than Mo vacancies. Moreover, the Mo−N/O bonds in N-Boridene have a longer central bond distance 
than those in Boridene, implying the formation of Mo−N nearest neighbor bonds  within the Mo−B coordination 
sphere (Figure S4a−c). As shown in the fitting results (Figure 2f and Table S4), the CN of Mo−B/Mo−N 
(1.6 ± 0.3) in the N-Boridene is larger than that of Mo−B (0.5 ± 0.3) in the Boridene, while the CN of Mo−Mo 
remains unchanged in both samples. This proves the decrease in vacancy intensities can be directly attributed to 
the N compensation-induced increase in CN, suggesting that the N-doped atoms are refilled into the B vacancies.37 

The wavelet transforms (WTs) obtained from the EXAFS oscillations show (Figures 2h,g and S4d−f) that the 
maximum WT intensity (8.2 Aǒ −1) is the same for both the Boridene and N-Boridene (correlated with Mo−Mo bonds). 
This confirms that they have similar 2D layer structures. Concurrently, they are considerably different from those of 
Mo foils, MoO2, and MoO3.46 Also, the Mo−B/N in the N-Boridene with a higher k value presents a higher 
intensity compared to the Boridene due to the increment of CN in Mo−B after N atoms doped into B vacancies. Thus, 
N-doped in multiscale-deficient Boridene might alter the coordination sites around Mo atoms, inevitably 
triggering charge delocalization and electronic circumstance optimization at the active sites.45 Based on this 
analysis, a possible molecular model is deduced in Figure 2i, wherein it involves three possible doping positions for 
N atoms. As a result, this unique cyanamide intercalation process can be induced as follows: 

Cyclic voltammetry (CV) tests manifest that the N-Boridene batteries exhibit a higher current density than the 
Boridene at the CO2RR (1.05 V) and CO2ER onset potential (1.70 V), respectively (Figure S5b). Furthermore, 
compared with those of the CNT and Boridene-based batteries, the N-Boridene-based batteries show the lowest 
polarization gap (0.05 V) during the first cycle at 100 mA g−1 in which the same trend has also been observed at other current 
densities, demonstrating excellent reversibility over a wide range (Figures 3a and S5e). Additionally, the N-Boridene 
exhibits the highest discharge capacity of 10,300 mA h g−1 with the cutoff potentials of 0.4 and 3.0 V under 100 mA g
−1, which is 3.1 times higher than the CNT, as well as 2.3 times stronger than the Boridene (Figure S5d).

Mo B Tx + NH2CN Mo (BnN1 n)2 mTz + H2O + CO4/3 5/3 4/3 2 (1)

https://pubs.acs.org/doi/suppl/10.1021/jacs.4c00630/suppl_file/ja4c00630_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c00630/suppl_file/ja4c00630_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c00630/suppl_file/ja4c00630_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c00630/suppl_file/ja4c00630_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c00630/suppl_file/ja4c00630_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c00630/suppl_file/ja4c00630_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c00630/suppl_file/ja4c00630_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c00630/suppl_file/ja4c00630_si_001.pdf


Figure 3. Electrocatalytic performances. (a) Comparison of the first-circle overpotentials for different catalysts as well as various 
current densities. (b) N-Boridene batteries at a current density of 200 mA g−1 with a controlled discharge/charge depth of 500 mA h 
g−1. (c) Coulombic efficiency, energy efficiency, and overpotentials during 305 cycles. (d, e) Performance comparison with the 
previously reported overpotentials and cycle numbers. (f) Photo image of LED turned by the as-fabricated N-Boridene-based 
Mg−CO2 batteries. 

The variations in coulombic efficiency, energy efficiency, and polarization gap of the N-Boridene-based batteries are 
depicted in Figure 3b,c. The first cycle discharge voltage is 1.43 V, which remains at 1.22 V in the 100th cycle, with 
only 14.6% lose in the discharge potential. The continuous recycling measurements demonstrate a sustained 
coulombic efficiency of 100% over 305 cycles at a current density of 200 mA g−1, with an extremely low polarization 
gap (0.09 V) exhibited in the first cycle, accompanied by high energy efficiency (93.6%). The outstanding cycling 
properties of the N-Boridene-based Mg−CO2 batteries have also been achieved under the different current densities 
together with various catalysts in terms of overpotentials, cycling revolutions, cycling time, specific capacities, and 
energy efficiency (Figures S5 and S6). Interestingly, the overpotential of the N-Boridene-based Mg−CO2 battery holds 
a pivotal position among those of metal-O2/CO2 batteries (Figure 3d), while the cycling property falls among the 
superior candidates in Mg−O2/CO2 battery systems (Figure 3e). As shown in Figure 3f, a mode of Mg−CO2 battery with 
LEDs lighting up in a humid CO2 environment confirms their potential practical applications.

To explore the Mg−CO2 battery reaction process, different reactivity stages have been explored (discharge: A → C, 
charge: C → E, Figures S7 and S8) by an in-situ XRD method. In the case of the first discharge/charge period of the N-
Boridene-based Mg−CO2 batteries (Figure 4a), there are some new diffraction peaks gradually appearing at 2θ ≈ 
12.3° and 24.4° during the discharge process, which can perfectly correlate to the (001) and (120) planes 
of the MgCO3·5H2O, respectively. A gradual decrease and disappearance in the intensity of MgCO3·5H2O diffraction 
peaks was observed during the subsequent charging process. Simultaneously, as indicated by three-dimensional 
waterfall plots (Figure 4b), the MgCO3·5H2O peaks emerge during the discharge process and completely dissolve 
after the charging process, directly certifying the formation/decomposition of the MgCO3·5H2O product. In addition, 
uniform spherical discharge products with a diameter of ∼200 nm appear on the N-Boridene cathode surface 
(Figures 4c and S7d,e). The element mapping reveals a homogeneous distributions of C, Mg, and O elements. 
Moreover, the MgCO3·5H2O disappears and the cathode surface becomes smooth after charging. In contrast, the 
Boridene cathodes for Mg−CO2 batteries also generate spherical MgCO3·5H2O products after discharge; however, the 
diameter of product increases to 500 nm, and it cannot disappear completely after charging (Figure S9). The particle 
sizes of the discharge products are also affected by the water concentration (Figure S10). The suitable water 
concentration for the lowest MgCO3·5H2O dimension is 50 μL H2O. Note that the diameter of the discharge product 
grows to about 20 μm without water (Figure S11). Therefore, the reaction process can be summarized as follows:

2Mg + 3CO2 + 10H2O 2MgCO3·5H2O + C (2)
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Figure 4. Reaction mechanisms. (a) In situ XRD contour mapping and (b) Three-dimensional falls distribution map during the first 
discharge/ charge process, respectively. (c) TEM image of MgCO3·5H2O during the first discharge process. (d) Adsorption 
energies of different discharge products on the N-Boridene substrate. (e) Electron transfer quantization (Δρ) of 
MgCO3·5H2O by the Boridene and N-Boridene, respectively. The inset shows the charge transfer cross sections of Mg atoms on 
the Boridene and N-Boridene in the (010) direction. (f) Calculated free energy diagrams of different reaction intermediates on 
the active surfaces of the Boridene and N-Boridene, respectively. (g) XPS curves of N 1s during the first discharge/charge 
process. 

Comparatively, in the case of the CNT-based Mg−CO2 batteries, the discharge product mainly consists of MgCO3· 
3H2O, and it fails to completely decompose after charging, which is in line with previous results (Figure S12).23 

To clarify the efficiency of the catalytic N-Boridene, we performed density functional theory (DFT) calculations. In 
addition to the Boridene reference, three possible N positions in N-Boridene are explored (Figure S13), wherein it 
contains a homogeneous 2/3 metal Y vacancy, as well as a 1/3 nonmetal B vacancy.29 The adsorption energy can 
be calculated as follows:47 
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where Ea is the adsorption energy, Etotal is the total energy of the entire supercell containing the adsorbed object, 
the surface and possibly the periodic shear, Eslab is the energy of a pure surface, ∑i niEmi is the total energy of the 
adsorbed object (molecule or atom), and n is the number of crystalline cells. Specifically, the magnitude of adsorption 
energy for the NLS-Boridene is −5.13 eV toward the terminal discharge products (MgCO3·5H2O) (Figure S14), which 
is far lower than those of other three structures (Boridene, NSA-Boridene, NFS-Boridene). According to the Sabatier 
principle,48 this adsorption value is neither too strong nor too weak, and it is desirable for the good catalyst moieties. 
In this case, it is believed that the NLS-Boridene structure plays a predominant role in the catalytic process, consistent 
with the highest fraction of NLS (Figure 2a). Consequently, the following section focuses on evaluating the catalytic 
mechanisms for the formation of different reaction products on the NLS-Boridene substrate.  

In addition, the adsorption energies on the NLS-Boridene catalyst for possible different discharge products, such as 
MgCO3, MgC2O4, and MgCO3·xH2O, are calculated for the Mg−CO2 batteries. Specifically, compared with those of the 
other six products, the binding energy of MgCO3·5H2O is the lowest, demonstrating its extraordinary superiority in 
the Mg− CO2 batteries (Figures 4d and S15). Moreover, as evidenced by electron transfer quantization (Δρ, Figures 
4e and S16), the N-doping in the Boridene increases electron transfer along the Z-direction, in terms of the average 
planar charge density differences between the Boridene and NLS-Boridene planes of MgCO3·5H2O. Accordingly, the 
electron redistribution changes the electronic structure of catalyst surface, facilitating the ample electron gain/loss 
between catalyst and discharge product, which is also confirmed by the reversible shift of the N 1s XPS spectra 
during the discharge/charge process (Figure 4g). Moreover, the density of states (DOS) (Figure S17) shows the 
NLS-Boridene with a better continuum and a larger total area compared with the Boridene, signifying a more high- 
speed electron transfer during the catalytic process.49 

To further determine the possible reaction path, the free energies of different meditated reaction co-ordinations 
have been calculated. Figure 4f describes the possible reaction paths for the CO2RR/CO2ER process during the 
formation/ decomposition process of MgCO3·5H2O. Specifically, the rate-determining step for the CO2RR is 
the reduction of *MgCO2 to *MgCO3·3H2O, while the oxidation of *MgCO2 is the case for the CO2ER process 
(Figure S18). The NLS-Boridene exhibits both lower CO2RR activation energy (2.64 eV) and CO2ER activation energy 
(2.62 eV) compared with that of the Boridene. Intriguingly, the *MgCO3·3H2O + 2H2O → *MgCO3·5H2O step for 
both catalysts is exothermic downhill processes, which occurs spontaneously under an ambient condition, 
providing partial evidence that the Boridene-based catalysts are preferential to form MgCO3· 5H2O. Furthermore, 
the decomposition phase in the bare Boridene (*MgCO3·5H2O → *Mg + *CO2 + H2O) requires more energy. 
Conversely, this process is easier for the NLS- Boridene, enabling its long-cycle behavior in combination with 
extremely low overpotentials. 

3. CONCLUSIONS
Dependent on the strategy of defect-anchored atoms, we first synthesized a high-loaded N-doped Boridene 

nanosheet by chemical exfoliation followed by cyanamide intercalation. This unique N-Boridene catalyst 
effectively mitigates the poor cyclability problem of Mg−CO2 batteries by selectively forming MgCO3·5H2O 
reaction products. Their stabilized cycle numbers and low overpotentials are far superior to those of the reported 
Mg−CO2 batteries under the same conditions. Both experimental and theoretical results clarify that the N-Boridene 
assists the charge transfer between discharge product and substrate, which lowers the reaction energy barrier and 
accelerates the formation/decomposition of products, attributed to high cyclability, high energy efficiency, and 
remarkably low overpotential. Taking into account both various precursors and defect structures on the surface, a 
large number of different Boridene and its related derivatives will be prepared, which could provide more candidates 
for the development of electrochemical catalysts. 
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S1. Experimental section

S1.1 Chemicals and materials. 

Mo (99.999%), Y (99.99%), Al (99.99%) and B (99.99%) were bought from 

Innochem Reagent (Shanghai) Co., Ltd., China. Chemicals, including hydrofluoric 

acid (HF, 40 wt %), cyanamide (CH2N2, 50 wt % in H2O), MgCl2 (99.9 %), etc., were 

purchased from Aladdin Reagent (Shanghai) Co., Ltd., China. All the chemicals and 

materials were used without further decontamination.

S1.2 Synthesis of 3D (Mo2/3Y1/3)2AlB2 (MAB) phase. 

MAB precursors have been prepared by an ultrahigh melting method. 

Specifically, the powders of the commercial elements obtained by stoichiometric 

molar ratio weighing (Mo:Y:B:Al = 4:2:6:1.4) were thoroughly mixed by mechanical 

ball milling at 400 rpm for 48 h. Then it was wrapped with Ta foil and inserted into a 

BN crucible in a cubic-anvil large-volume press with six rams. The loading pressure 

(5 GPa) was added before increasing the temperature. The temperatures varied from 

room temperature to 1400 °C and held for 30 min. After cooling to room temperature, 

the loosely sintered samples were crushed and sieved through a 400 mesh screen to 

obtain MAB powders.

S1.3 2D Boridene (Mo4/3B2-xTz). 

Two dimensional (2D) Boridene was prepared by selective etching the Al and Y 

atoms from (Mo2/3Y1/2)2AlB2. Briefly, 2.0 g (Mo2/3Y1/2)2AlB2 was slowly added to a 

Teflon beaker (50 mL) with 20 mL HF and held at 0 ℃ for 15 min，then transferred 

to a silicone oil bath and magnetically stirred at 35 ℃ for 18 h. After etching, the 
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obtained etched product was repeatedly centrifuged (5000 rpm/5 min) and washed 

with deionized water until the pH approached 7. For further delamination, the 

obtained multi-layer Mo4/3B2-xTz Boridene was dispersed in 10 mL 1M of TMAOH 

and stirred for 2 h at room temperature. Then, the sample was centrifuged at 8000 rpm 

for 3 min and washed three times with ethanol to remove the residual TMAOH. 

Finally, 15 mL deionized water was added to the powder which was shaken for 10 

min to obtain single-layer Mo4/3B2-xTz sheets. The mixture was then centrifuged at 

3500 rpm for 10 min to remove un-delaminated crystals, and the final colloidal 

suspension of delaminated Mo4/3B2-xTz sheets was collected for further 

characterization, with an obtained average concentration of the suspension of about 

2.0 mg/mL.

S1.4 Fabrication of the crumpled N-Boridene.

50 mL of delaminated Boridene colloidal suspensions was mixed with 0.4 g of 

cyanamide (50 wt%) dissolved in 50 mL 0.1 M dilute hydrochloric acid (protonation) 

in a weight ratio of Boridene to cyanamide of 1:1. Boridene was generally negatively 

charged due to their functional groups (e.g., -O, -F and -OH) on the surface, therefore 

positively charged cyanamide was adsorbed onto the negatively charged surface of 

delaminated Boridene due to the electrostatic interactions during mixing. Upon 

centrifugation and freeze-drying, the product was annealed at 500 ℃ in an Ar ambient 

for 2 h to attain the crumpled nitrogen-doped Boridene (named N-Boridene). 

S1.5 Material characterization. 

The phase purity and crystal structure of the samples were recorded on an X-ray 



5

diffractometer (Rigaku D/MAX-2005/PC) using Cu Ka radiation (λ = 1.5406 Å ) with 

a step scan of 0.02 degree per step and a scan rate of 3 degree/min. SEM was 

conducted with a Hitachi S-4800. Transmission electron microscope (TEM) images 

were observed on a Titan ETEM G2 at 300 kV. ICP-MS was measured by Agilent 

7700/7800 (Agilent Technologies Co. Ltd., USA). FT-IR spectrometers were 

investigated by Nexus 870 (Thermo SCIENTIFIC, USA). Raman was obtained from 

inVia Qontor (Renishaw England). X-ray absorption fine structure (XAFS) spectra of 

the Mo K-edge were conducted at room temperature from the beamline BL07A1 in 

National Synchrotron Radiation Research Center (NSRRC). The radiation was 

monochro-matized by a Si (111) double-crystal monochromator. The acquired 

EXAFS data were processed according to the standard procedures using the 

ATHENA module implemented in the IFEFFIT software packages. XANES and 

EXAFS data reduction and analysis were processed by Athena software. X-ray 

photoelectron spectroscopy (XPS) was conducted on a ThermoFisher with Al Kα 

(1486.71 eV) X-ray radiation (15 kV and 10 mA). The binding energies obtained in 

the XPS analysis were corrected by referencing the C 1s peak position (284.80 eV).

S1.6 Electrochemical measurements. 

The cathode was prepared by mixing Ketjenblack, N-Boridene and PVDF in the 

weight ratio of 6:3:1 in N-methylpyrrolidinone (NMP) to obtain a homogeneous 

slurry, followed by coating on carbon paper. The catalysts coating was 0.2-0.25 mg 

cm-2. The CR2032 coin-type Mg-CO2 battery composed of a Mg foil anode (15.6 mm

in diameter), a glass fiber filter separator (Whatman, GF/A), an electrolyte (0.5 M 
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MgCl2 and 0.25 M magnesium bis(trifluoromethane) sulfonamide (Mg(TFSI)2) in 1, 

2-dimethoxyethane (DME) solution), and an air cathode (N-Boridene: 12 mm in

diameter), were assembled in an argon-filled glove box. The assembled battery was 

then placed in a 250 mL glass container filled with high purity CO2 (99.999 %, 1.0 

atm) and 50 μL of water was added to the bottle for evaporation. A vial containing 5 

mL of DME was also placed to avoid running out of solvent. The final test was 

carried out after 8 h of resting.

All potentials were referenced against Mg2+/Mg. The galvanostatic 

discharge/charge tests were collected on a LAND CT3002A battery test instrument. 

CVs were conducted on a BioLogic VMP3 electrochemical workstation in the 

potential window of 0.4-3.0 V, and the scan rate was 0.2 mV s-1. 

S1.7 Theoretical calculations.

All calculations were performed based on DFT as implemented in the Vienna ab 

initio simulation package (VASP) with the projector-augmented-plane-wave 

method.[1-2] Electron spin polarization was considered in all calculations. The 

exchange-correlation interaction was treated with the generalized gradient 

approximation of Perdew-Burke-Ernzerhof,[3] while DFT+D3 was used for handling 

weak interactions.[4] The cut-off energy for the plane-wave basis was 450 eV, and a 

Monkhorst-Pack K-points were 2×2×1 in the Brillouin zone. The lattice constants and 

internal coordinates were optimized until the atomic forces become less than 10-4 

eV/Å. Energy and maximum stress were converged to 10-5 eV and 0.05 eV/Å, 

respectively.
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The overall chemical reactions for generating MgCO3·5H2O were described as 

2Mg + 3/2CO2 + 5H2O ↔ MgCO3·5H2O + 1/2C                   (1)  

The change of the free energy (ΔG) in the reaction was calculated considering zero 

point energy corrections (ZPE) and entropy change (TΔS) from the vibrational 

frequencies associated with the normal modes in the harmonic approximation. 
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S2. Supporting tables.

Table S1. The atomic concentration (at %) for the different elements from MAB, 

Boridene, N-Boridene, respectively.

Concentration / at %
Sample

Mo Y C Al B O N F

MAB 6.46 6.23 20.47 6.39 17.92 42.53 -- --

Boridene 7.68 0.48 34.15 0.1 18.86 35.35 -- 3.38

N-Boridene 7.67 -- 19.51 -- 21.89 23.94 26.78 (18.3 wt %) 0.21
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Table S2. Comparison of ICP content of Mo and B elements in Boridene and 

N-Boridene, separately.

Samples Elements Weight 
(g)

Composition 
(mg/L) Mass fraction (wt %)

Mo 0.0291 10.289 44.1976Boridene B 0.0291 1.3823 5.9378
Mo 0.0341 14.437 52.9201N-Boridene B 0.0341 1.6099 5.9012
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Table S3. Nitrogen contents in the different two-dimensional MXene materials.

Samples N content (at %) Reference

N-doped porous MXene/TiO2 1.67 [5]

2.5-N-MXene 2.50 [6]

Ti3C2-CTconfined 3.63 [7]

Ti3C2Tx-N6 5.00 [8]

Pd/N-B-Ti3C2 6.29 [9]

N-Ti3C2(H) 7.10 [10]

Porous N-Ti3C2Tx 8.41 [11]

Ti3C2-PND 9.10 [12]

N-Ti3C2Tx 11.52 [13]

900N-Ti2CTx 15.48 [14]

M8T1 19.26 [15]

N-Ti3C2Tx-700 ℃ 20.70 [16]

N-Boridene 26.78 -
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Table S4. Corresponding fit parameters for the Boridene and N-Boridene.

Samples shell CN R(Å) 2(Å2)

Mo-Mo1 8 2.71 0.003
Mo foil

Mo-Mo2 6 3.13 0.002

Mo-O 2.8±0.3 1.05 0.008

Mo-B 0.5±0.3 1.62 0.001

Mo-Mo1 4.9±0.3 2.66 0.005
Boridene

Mo-Mo2 3.4±0.6 3.10 0.005

Mo-O 2.8±0.4 1.04 0.012

Mo-N 1.1±0.1 1.18 0.003

Mo-B 0.5±0.2 1.64 0.001

Mo-Mo1 5.7±0.3 2.66 0.008

N-Boridene

Mo-Mo2 1.9±0.2 3.07 0.001
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Table S5. Overpotentials for the different metal-CO2 batteries.

Batteries Cathode materials Overpotential

Li-O2 Co SAS/N-C[17] 0.40

Li-O2 FeSA-RuO2/HPCS[18] 0.34

Li-O2 Pd-rGO[19] 0.30

Li-CO2 MXene/CNT[20] 1.38

Li-CO2 CNT-Mo2C[21] 0.65

Na-O2 NCF[22] 0.50

Na-CO2 Ru@KB[23] 2.20

Na-CO2 CMO@CNF[24] 1.95

Na-CO2 N-nanocarbon[25] 1.50

K-O2 S-graphene[26] 0.18

K-CO2 N-CNT/RGO[27] 1.60

K-CO2 MWCNT[28] 0.89

Zn-CO2 3D Porous Pd[29] 0.19

Mg-O2 Ru/CNT[30] 1.40

Mg-O2 Pt/C@CFP[31] 0.92

Mg-CO2 CNT[32] 1.00

Mg-CO2 Mo2C-NDs@CNF[33] 0.72

Mg-CO2 Mo2C-CNTs[34] 0.30

This work N-Boridene 0.09



13

3. Supporting figures.

Figure S1. (a) XRD for the MAB and Boridene. (b) SEM for the MAB. (c) TEM, (d) HRTEM 

and (e) elemental mapping for the Boridene, individually. (f) TEM for the N-Boridene.
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Figure S2. XPS high-resolution diagrams of (a) Mo 3d, (b) B 1s, (c) Al 2p, (d) Y 3d, 

(e) O 1s and (f) F 1s for the MAB and Boridene, individually.

The surface chemical bonding states of the MAB and Boridene have been probed 

by XPS. It analyses that along with the complete removal of Al atoms when etching 

(Mo2/3Y1/3)2AlB2, essentially all Y atoms are removed (Figure S2a, b). In the 

spectrum of the Mo 3d region (Figure S2c), the Mo-B-Tz (229.6, 232.8 eV) belongs 

to the Mo4/3B2-xTz sheet, while Mo4+ (230.9, 234.1 eV), Mo5+ (232.0, 235.1 eV) and 

Mo6+ (233.2, 236.0 eV) are produced from the surface oxidation of the sample after 

exposure to ambient atmosphere during drying. The binding energies for the Mo-B-Tz 

species in the B 1s region show a shift to a lower value compared with 3D compound 
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MAB (Figure S2d), whereas the Mo-B-Tz species in the Mo 3d region show a shift to 

a higher BE value. Furthermore, from the XPS spectra of O 1s and F 1s of the 

Mo4/3B2-xTz (Figure S2e, f), surface terminations Tz are identified to be a mixture of 

-O, -OH, and -F. While the determination of the elemental ratios in the formula of the 

Boridene is hampered by the presence of surface oxides, combining XPS and 

ICP-OES analyses, with detailed information given in Table S1 and S2, the chemical 

formula of the boride is calculated to be: Mo4/3B5/3±0.02
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Figure S3. (a) XPS survey spectrum of the Boridene and N-Boridene. (b) XPS 

high-resolution diagrams of B 1s for the N-Boridene. (c) FTIR profiles of the 

Boridene and N-Boridene, separately. The N1s signature peaks can be observed 

crisply in the N-doped Boridene by comparing the XPS surveys of the reference 

materials (Figure S3a), except for Mo 3d, Mo 3p, O 1s, F 1s, and B 1s.
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Figure S4. (a) FT-EXAFS fitting curves and (b) corresponding EXAFS k-space 

fitting results of the Boridene, respectively. (c) The corresponding EXAFS k-space 

fitting results of the N-Boridene. (d-f) WT-EXAFS plots of the Mo foil, MoO2, and 

MoO3, respectively.



18

Figure S5. (a) CV curves of N-Boridene-based batteries under Ar. (b) CV curves of 

CNT, Boridene, and N-Boridene-based batteries under CO2, respectively. (c) The full 

discharge/charge curves of N-Boridene under Ar. (d) The full discharge/charge curves 

of CNT, Boridene, and N-Boridene under CO2, respectively. (e) The rate performance 

of N-Boridene. (f) Radar plotsof the performance properties of CNT, Boridene, and 

N-Boridene, respectively. The N-Boridene exhibites the negligible reactivity and a

significantly low specific capacity under Ar (≈ 30 mA h g-1 << 10300 mA h g-1). This 

observation confirms that Mg ions do not react with Ar and there is no insertion or 

deinsertion of Mg ions during the cycling process. 
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Figure S6. (a-c) Discharge/charge cycles of the N-Boridene-based Mg-CO2 batteries 

at different current densities with a cutoff capacity of 500 mA h g-1. (d, e) 

Discharge/charge cycles at 200 mA g-1 with a cutoff capacity of 500 mA h g-1 for 

CNT and Boridene-based Mg-CO2 batteries, respectively.

We further examine the cycling behavior for the N-Boridene-based batteries under 

different current densities ranging from 100, 500, and 1000 mA g-1 cycled 135, 110, 

and 90 revolutions, severally. Whereas at the identical current density (200 mA g-1), 

CNT, Boridene-based batteies cycled for 42 and 52 revolutions.
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Figure S7. (a) The galvanostatic discharge/charge profiles at 100 mA g-1. (b) Ex-situ 

Raman and (c) Ex-situ FTIR spectra at 5 selected points in one cycle. SEM images of 

the N-Boridene-based batteries (d) discharged and (e) recharged at 500 mA g-1, 

respectively. (f) Elemental mapping of discharge product during the first discharge 

process.

The ex-situ Raman diagrams suggest a broad peak at 1120 cm-1 attributed to the 

vibrational mode of CO3
2- in MgCO3·5H2O gradually appeared/disappeared with the 

discharge/charge (Figure S7b), and the intensity ratio of the D band (1350 cm-1) and 

the G band (1580 cm-1) in the discharged state (1.01) is larger than that in the pristine 

state (0.85), demonstrating that the amorphous carbon formation. The ex-situ FTIR 

also reveals clearly the appearance/disappearance of CO3
2- falling in MgCO3·5H2O 

with the repetition of charging/discharging (Figure S7c). In this regard, the band at 

about 3300 cm-1 is ascribed to H2O in MgCO3·5H2O. 
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Figure S8. XPS high-resolution diagrams of Mg 2p (a), O 1s (b), and C1s (c) during 

the first discharge/charge process. Furthermore, the Mg 2p, C 1s, and O 1s spectra of 

the products peaked at about 51, 289, and 533.6 eV, respectively, corresponding to the 

synthesis of MgCO3·5H2O, and inversely, the products are completely decomposed 

during charging.
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Figure S9. (a) XRD and (b, c) SEM plots of the Boridene-based Mg-CO2 batteries 

during charging/discharging, respectively. 
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Figure S10. (a, b) SEM for 25 and 100 μL H2O on the N-Boridene-based Mg-CO2 

batteries, individually.
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Figure S11. (a) discharge/charge profiles of the CNT and N-Boridene for 0 H2O. (b) 

Raman and (c, d) SEM profiles of N-Boridene-based Mg-CO2 battery during the 

discharge/charge process at 0 H2O.
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Figure S12. (a) XRD and (b, c) SEM profiles of the CNT-based Mg-CO2 battery 

during the discharge/charge process at 50 H2O.
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Figure S13. The sight and top views of calculated structural models for (a) Boridene, 

(b) NLS-Boridene, (c) NSA-Boridene, and (d) NFS-Boridene, separately.
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Figure S14. The sight and top views of optimized energetically favorable structures 

of MgCO3·5H2O adsorbed on (a) Boridene, (b) NSA-Boridene, and (c) NFS-Boridene, 

respectively. (d) Comparison of adsorption energies of MgCO3·5H2O at various 

positions of N atoms on Boridene substrate.
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Figure S15. (a-g) Optimized structural modeling of the NLS-Boridene substituents for 

diverse discharge products. 
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Figure S16. (a, b) Differential charge density maps of MgCO3·5H2O by the Boridene 

and N-Boridene, respectively. (c, d) Charge transfer diagrams of the Boridene and 

N-Boridene in the (010) direction for Mg atoms.

In a differential charge density image, the integration of the charge density 

distribution along the z-axis direction allows us to obtain an electron quantity 

distribution curve, known as an electron density profile. This profile represents the 

number of electrons per unit volume and provides insights into the spatial distribution 

of electrons within the lattice structure.[35-36]
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Figure S17. DOS of the Boridene and N-Boridene, respectively. 
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Figure S18. The sight and top views of favorable optimization models for *MgCO2 

adsorption on (a, b) Boridene and (c, d) NLS-Boridene, respectively.
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