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Developing highly efficient catalysts for the hydrogen

evolution reaction (HER) is crucial to commercial water

splitting in the global efforts to mitigate fossil fuel com-

bustion and combat global climate change. Molybdenum

nitrides (MoxN) such as c-Mo2N and d-MoN are promising

HER catalysts. Although d-MoN has better HER charac-

teristics, controllable preparation of the materials is still

challenging. Herein, selective preparation of c-Mo2N and

d-MoN is demonstrated by controlling the spatial stress.

The hybrid d-MoN and N-doped carbon composite (MoN/

NC) consists of MoN layers and 1-nm-thick carbon layers.

The carbon layers polarized by the high valence state of

Mo in MoN provide the adsorption sites for H?, and the

NC layers also facilitate electron transport during the cat-

alytic process. As a result, MoN/NC exhibits remarkable

HER activity such as low overpotentials of 93, 211 and

141 mV to attain a current density of 10 mA�cm-2 as well

as small Tafel slopes of 44.5, 83.2 and 65.4 mV�dec-1 in

acidic, neutral and basic electrolytes of 0.5 mol�L-1

H2SO4, 1 mol�L-1 PBS, and 1 mol�L-1 KOH, respectively.

The spatial stress effects enable selective preparation of

specific phases in catalysts, and the pertinent mechanism

provides important guidance to the preparation and opti-

mization of advanced catalysts.

Hydrogen with a high energy density generated from

renewable sources is one of the alternatives to fossil fuels,

and water splitting is an attractive technique to mass pro-

duce hydrogen via the hydrogen evolution reaction (HER)

[1]. Currently, noble-metal catalysts such as Pt show the

highest activity, but the high cost and natural scarcity are

limiting widespread adoption [2, 3]. Therefore, developing

high-performance non-noble-metal catalysts is of para-

mount significance [4].

The cubic phase Mo2N and hexagonal phase MoN are

the two important structures of molybdenum nitride

(MoxN) because of their similar electronic structures with

Pt, good conductivity, and excellent corrosion resistance

[5, 6]. Mo2N is a promising electrode material for super-

capacitors [7]. As for MoN, the superconductivity and

layered structure make it more important in the catalysis
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field [5, 8]. For example, Xie et al. [5] have synthesized

ultrathin MoN nanosheets with exposed Mo active sites

showing good HER characteristics in an acid medium.

Generally, fabrication of MoxN requires a high temperature

higher than 800 �C, which may cause particle aggregation

and sintering [8]. In addition, the catalytic performance and

long-term stability of c-Mo2N are lower than those of d-
MoN as demonstrated by Zou et al. [9] and Hu et al. [6]

Direct nitridation of MoO3 at 800 �C produces crystalline

c-Mo2N [7]. Finding a new strategy to convert Mo2N to

MoN would promote HER performance greatly. For

example, Xiong et al. [10] have prepared two-dimensional

defect-rich MoN nanosheets by a NaCl template-directed

synthesis technique, and the materials show a small over-

potential of 125 mV at a current density of 10 mA�cm-2 in

0.5 mol�L-1 H2SO4. Song et al. [8] have prepared MoN

nano-hexagonal prisms with a specific precursor such as

hexagonal MoO3 (h-MoO3) in lieu of common

orthorhombic MoO3 (a-MoO3). All in all, in spite of recent

advance, it is still challenging to fabricate d-MoN using a-
MoO3 as precursor.

Herein, selective synthesis of c-Mo2N and d-MoN is

demonstrated by exploiting the spatial strain effect. Nitri-

dation of MoO3 at 800 �C produces crystalline c-Mo2N.

An atomic interlayer of MoO3 is inserted with dodecy-

lamine (DDA) molecules (MoO3/DDA), and during nitri-

dation at 800 �C, the hybrid d-MoN and N-doped carbon

(MoN/NC) is prepared. The synthesis process is universal

in nature, and the DDA layer plays a crucial role in the

formation of d-MoN. The MoO3 layers are separated and

stabilized between the DDA layers, thus inhibiting

restacking and aggregation of MoO3 in the vertical direc-

tion. Based on the spatial strain effect, MoO3 is converted

in situ into d-MoN, and the carbon layers are polarized due

to the high valence state of Mo in MoN and then supply the

actual active sites for HER. The NC layers also facilitate

electron transport during the catalytic process. Conse-

quently, MoN/NC exhibits remarkable HER activity as

exampled by low overpotentials of 93, 211 and 141 mV to

reach a current density of 10 mA�cm-2 as well as small

Tafel slopes of 44.5, 83.2 and 65.4 mV�dec-1 in

0.5 mol�L-1 H2SO4, 1 mol�L-1 PBS, 1 mol�L-1 KOH,

Fig. 1 a Synthesis of MoN/NC; b SEM images of MoO3; c SEM images of MoO3/DDA; d SEM images of MoN/NC
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respectively, verifying the adaptability to a wide pH range.

The spatial stress strategy provides insights into selective

preparation of specific phases in catalysts boding well for

optimization of advanced catalysts.

Figure 1a shows the schematic diagram of the selective

synthesis of d-MoN/NC. The MoO3 precursor has a layered

structure along the [0b0] direction with an interlayer

spacing d010 of 0.69 nm (Fig. S1a) [11–13]. d-MoN has the

typical hexagonal crystal structure with a layered config-

uration containing exposed Mo sites (Fig. S1b), whereas c-
Mo2N has a cubic structure without exposed Mo active

sites (Fig. S1c). X-ray diffraction (XRD) pattern of MoO3

reveals the three typical peaks of (020), (040), (060) at

12.7�, 25.7�, 38.9�, respectively (Fig. S2a), indicative of

the layered structure. The scanning electron microscopy

(SEM) images show that the precursor has a nanosheet

morphology (Fig. S2b, c). The pristine MoO3 nanosheets

are nitridated at 800 �C to produce single-crystal c-Mo2N

(JCPDS No. 25-1366) (Fig. S3), and the nanosheet struc-

ture shows some aggregation [14]. Since MoO3 has a

layered structure, the dodecylamine (DDA) molecules can

be inserted easily into the interlayered space of MoO3

along the b direction (MoO3/DDA) by electrostatic

attraction (Fig. S4) [15]. The molar ratios of MoO3 and

DDA are presented in Fig. S5. With increased DDA con-

centrations, the morphology of MoO3/DDA changes from

disorganized to orderly and disorganized again. Hence, a

molar ratio of 1: 3 (MoO3 to DDA) is determined to be the

best. After nitridation of MoO3/DDA at 800 �C, hybrid

MoN and N-doped carbon (MoN/NC) is prepared by con-

verting MoO3 into MoN and DDA into NC (Fig. 1a).

Compared to the nanosheet morphology of pure MoO3

(Fig. 1b), MoO3/DDA has a translucent structure indicat-

ing that the nanosheets are quite thin (Fig. 1c).

Fourier transform infrared spectroscopy (FTIR)

demonstrates that aniline species are inserted into the

interlayer of MoO3 as shown in Fig. S6. The MoO3

nanosheets display four typical peaks, including the Mo–O

vibrational peaks at 452 and 521 cm-1 and Mo=O

stretching peaks at 821 and 993 cm-1 [16]. After insertion

with aniline, the Mo–O peak at 452 cm-1 sharpens and a

new peak at 853 cm-1 corresponds to Mo–O–Mo stretch-

ing, implying that the vibrational mode of Mo–O changes

due to extrusion by adjacent aniline molecules [12]. Fur-

thermore, new peaks at 1,260, 1,390, 1,500 and

1,644 cm-1 associated with C–N stretching, C-H bending,

N–H stretching, and C–C stretching are observed, respec-

tively, further corroborating that DDA species are inserted

into the interlayer of MoO3. In the subsequent nitridation

process, DDA layer plays a crucial role in the formation of

d-MoN. The MoO3 layers are separated and stabilized

between the DDA layers, hindering restacking and aggre-

gation of MoO3 in the vertical direction. By taking

advantage of the spatial strain effect, MoO3 is converted

in situ into d-MoN. The MoN/NC surface (Fig. 1d)

becomes uneven because the structure shrinks from MoO3

to MoN.

Figure 2a depicts XRD patterns of MoN/NC and Mo2N.

After nitridation at 800 �C, MoO3/DDA is converted into

MoN/NC rather than Mo2N/NC due to the spatial strain

effect arising from DDA [17]. X-ray photoelectron spec-

troscopy (XPS) spectra of MoN/NC and Mo2N/NC in

Fig. S7 show that the products contain Mo, N, O, and C.

There are three pairs of peaks in the XPS Mo 3d spectra.

The peaks at 235.7/232.5 eV are related to the Mo3? state

in Mo–N, whereas the peaks at 232.9/229.75 eV and 231.9/

229.2 eV are attributed to Mo4? and Mo6? of Mo–O,

respectively [18]. According to previous reports, formation

of Mo4? and Mo6? stems from partial surface oxidation of

Mo2N or MoN in air [19]. The Mo–N bond in MoN is

stronger, and therefore, the NC layers can better resist

oxidation of MoN than that in Mo2N. The N 1s XPS

spectra of MoN/NC can be deconvoluted into three peaks

at 395.5 eV for Mo 2p3/2, 397.7 eV for N–Mo, and

401.5 eV for N–C, indicating that the N is incorporated

into the carbon layer [20, 21]. The high-resolution TEM

(HRTEM) images in Fig. 2d–f disclose the structure of

MoN/NC. As shown in Fig. 2e, MoN shows an atomic

arrangement in which the lattices are aligned in the same

direction. The large interlayer spacing of 1.04 nm corre-

sponds to the carbon layer from DDA. The magnified TEM

image (Fig. 2f) clearly shows the lattice fringe of 0.25 nm

stemming from the (200) plane of MoN [6]. The energy-

dispersive X-ray spectroscopy (EDS) elemental maps

confirm uniform distributions of Mo, N, and C in the

nanosheets. These results indicate that the sandwiched

structure of MoN/NC is prepared by exploiting the spatial

strain effect of NC. The HER activities of MoN/NC,

Mo2N, NC are evaluated by linear sweep voltammetry

(LSV) in 0.5 mol�L-1 H2SO4, 1 mol�L-1 PBS, and

1 mol�L-1 KOH to investigate the performance in different

pH values. The polarization curves are iR corrected. Con-

sidering the unique structure of MoN/NC and conductive

NC layer, good HER characteristics are expected from

MoN/NC. As confirmed by Fig. 3a–c, MoN/NC indeed

shows remarkable HER activities such as low overpoten-

tials of 93, 211 and 141 mV to attain a current density of

10 mA�cm-2 in 0.5 mol�L-1 H2SO4, 1 mol�L-1 PBS, and

1 mol�L-1 KOH, respectively, and it is noted that the

performance is similar to that of Pt/C. The HER charac-

teristics of MoN/NC are better than those of other recently

reported MoN-based catalysts such as MoS2-Mo2N/CC,

Dr-MoN-0, C3N4/MoN mixture, MoNx and MoS2/MoN

(Table S1). As shown in Fig. 3d–f, MoN/NC shows small

Tafel slopes of 44.5, 83.2 and 65.4 mV�dec-1 in

0.5 mol�L-1 H2SO4, 1 mol�L-1 PBS, and 1 mol�L-1 KOH,

1 Rare Met. (2023) 42(5):1446–1452
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respectively, which are in fact lower than those of Mo2N,

thereby corroborating the good HER kinetics [22].

To explore the intrinsic activity, the electrochemical

surface area (ECSA) is calculated based on the electro-

chemical double-layer capacitance (Cdl) in the non-Fara-

dic region of the CV curves (Fig. S8) [23, 24]. Cdl is

determined according to the current density versus scan-

ning rate relationship shown in Fig. 3g–i. Although Mo2N

has a larger ECSA, the intrinsic activity of Mo2N is lower

than that of MoN/NC in 0.5 mol�L-1 H2SO4, 1 mol�L-1

PBS, and 1 mol�L-1 KOH (Fig. S9). To determine the

charge transferability, the electrochemical impedance

spectra (EIS) are acquired. MoN/NC shows lower resis-

tances of 21, 174 and 104 X in 0.5 mol�L-1 H2SO4,

1 mol�L-1 PBS, and 1 mol�L-1 KOH, respectively, than

Mo2N (Fig. S10).

To analyze the roles of the intermediate species and

actual active sites in HER, in situ Raman scattering is

performed at an applied potential of 0.1 V [25, 26]. As

shown in Fig. 4a, no MoN peaks are observed and the two

carbon peaks at 1,370 and 1,590 cm-1 are the D and G

bands of NC, respectively, indicating that the MoN surface

is covered by a thin carbon layer [27, 28]. As the over-

potential goes up, the D and G bands of pure NC show no

obvious change (Fig. 4b), indicative of the weak catalytic

effects of NC. However, as shown in Raman scattering

spectrum of MoN/NC, the G bond becomes sharper

because the adsorption of H on the C site changes the

vibrational modes of carbon, and consequently, polariza-

tion of carbon produces the H? adsorbed sites in HER [29].

Furthermore, a stable current showing a decrease of less

than 3% is observed in the continuous 70 i-t test at the fixed

overpotential of - 0.1 V (vs. RHE) (Fig. S11). XRD pat-

tern acquired after the test shows weak H2MoO4 peaks

(Fig. S12), implying that some MoN is converted to

H2MoO4 at the catalyst surface [30]. The results corrobo-

rate the synergistic effects rendered by the MoN and NC

layers.

Fig. 2 a XRD patterns of MoN/NC and Mo2N; bMo 3d XPS spectra of MoN/NC and Mo2N; c N 1s XPS spectra of MoN/NC and Mo2N;
d–f TEM images of MoN/NC and (inset) lattice fringe image of MoN/NC; g elemental maps of MoN/NC

1Rare Met. (2023) 42(5):1446–1452
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Fig. 3 a–c LSV curves of MoN/NC, Mo2N, Pt/C in 0.5 mol�L-1 H2SO4, 1 mol�L-1 PBS, and 1 mol�L-1 KOH, respectively; d–f Tafel
slopes of MoN/NC, Mo2N, Pt/C in 0.5 mol�L-1 H2SO4, 1 mol�L-1 PBS, and 1 mol�L-1 KOH, respectively; g–i Cdl curves of MoN/NC,
Mo2N in 0.5 mol�L-1 H2SO4, 1 mol�L-1 PBS, and 1 mol�L-1 KOH, respectively

Fig. 4 a In situ Raman scattering spectra of MoN/NC and b in situ Raman scattering spectra of NC

1 Rare Met. (2023) 42(5):1446–1452
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In summary, selective preparation of d-MoN and c-
Mo2N is demonstrated by controlling the spatial stress. The

hybrid d-MoN and N-doped carbon (MoN/NC) consists of

MoN layers and 1-nm thick carbon layers. The carbon

layers polarized by the high valence state of Mo in MoN

provide the adsorption sites for H?, and the NC layers

facilitate electron transport while providing good structural

and electrochemical durability. As a consequence, MoN/

NC delivers remarkable HER performance as exemplified

by low overpotentials of 93, 211 and 141 mV for a current

density of 10 mA�cm-2 besides small Tafel slopes of 44.5,

83.2 and 65.4 mV�dec-1 in 0.5 mol�L-1 H2SO4, 1 mol�L-1

PBS, and 1 mol�L-1 KOH, respectively. The results con-

firm the high activity in a wide pH range. The spatial stress

strategy and knowledge of the mechanism not only broaden

our understanding of selective preparation and specific

exposure of active atoms, but also provide insights into

how to prepare and optimize advanced catalysts.
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2. Experimental methods 
 

2.1 Materials preparation  

All the chemicals were purchased from Sigma.  Dodecylamine (DDA) (1.5 g) was 

dissolved into 58 mL of ethanol and -MoO3 (0,5 g) was added and kept at 70 oC for 24 h.[1, 

2]   After cooling to room temperature, the samples were washed with ethanol and dried at 60 

oC overnight.  The as-prepared precursor was heated to 800 oC under flowing NH3 to prepare 

the hybrid MoN and N-doped carbon (NC) (MoN/NC) products.  For comparison, Mo2N was 

prepared by direct nitridation of -MoO3 at 800 oC without DDA.  

 

2.2 Materials Characterization 

The phase and morphology of the samples were characterized by X-ray diffraction (XRD, 

Bruker AXS D2 Phaser) using Cu Kα radiation (λ = 1.5418Å), field-emission scanning 

electron microscopy (FE-SEM, Thermo Fisher QUATTRO S), and transmission electron 

microscopy (HR-TEM, FEI Titan G2 60-300), respectively.  The elemental analysis was 

performed by X-ray photoelectron spectroscopy (XPS, ESCALB MK-II, VG Instruments, 

UK) and in situ Raman scattering was conducted on the LabRAM HR800 laser confocal 

micro-Raman spectrometer using a laser wavelength of 514.5 nm. 

 

2.3 Electrochemical Measurements 

The electrochemical measurements were conducted in a three-electrode cell in an 

electrochemical workstation (CHI660d) at 25 oC in H2-saturated 0.5 M H2SO4, 1 M PBS, and 

1 M KOH.  The working electrode was prepared with 5 uL of the electrocatalytic solution 

loaded onto the glass carbon electrode (GCE) surface and covered with a thin Nafion layer.  

The electrocatalytic solution contained 24 mg of the sample and 6 mL of deionized water.  

The loading density of the catalyst on GCE was calculated to 0.28 mg cm-2.  The scanning 
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voltammetry curves were acquired in H2-saturated 0.5 M H2SO4, 1 M PBS, and 1 M KOH at a 

scanning rate of 5 mV s-1.  The electrochemically active surface areas (ECSA) and 

electrochemical double layer capacitances (Cdl) were determined on the CHI660b at different 

scanning rates from 10 mV s-1 to 100 mV s-1.  Electrochemical impedance spectroscopy (EIS) 

was carried out at an overpotential of 100 mV and frequencies between 100 kHz and 0.1 Hz.  

All the potentials were converted to the RHE scale by calibration (ERHE = ESCE + 0.059pH + 

0.241) and iR corrected using Rs obtained by EIS.  
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Figure S1. (a) Crystal structure of MoO3, (b) Crystal structure of MoN, and (c) crystal 

structure of Mo2N. 
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Figure S2. (a) XRD spectrum of MoO3 and (b, c) SEM images of MoO3. 
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Figure S3. (a) Synthesis of Mo2N; (b) XRD spectrum of Mo2N; (c) and (d) SEM images of 

Mo2N. 
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Figure S4. MoO3 lattice (top) and DDA inserted into the MoO3 lattice (bottom). 
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Figure S5. XRD patterns and SEM images of the samples with different molar ratios of 

MoO3 to DDA: (a) 1:1, (d)–(f) 1:3, and (g)–(i) 1:7. 
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Figure S6. FTIR spectrum of MoN/NC. 
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Figure S7. XPS spectra of MoN/NC and Mo2N. 
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Figure S8. CV curves of MoN/NC in (a) 0.5 M H2SO4, (b) 1 M PBS, and (c) 1 M KOH; CV 

curves of Mo2N in (d) 0.5 M H2SO4, (e) 1 M PBS, and (f) 1 M KOH. 
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Figure S9. TOF of MoN/NC and Mo2N in (a) 0.5 M H2SO4, (b) 1 M PBS, and (c) 1 M KOH. 
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Figure S10. EIS curves of MoN/NC and Mo2N in (a) 0.5 M H2SO4, (b) 1 M PBS, and (c) 1 M 

KOH. 
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Figure S11. I-t curves of MoN/NC at the fixed overpotential of -0.1 V (versus SCE). 
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Figure S12. (a) XRD spectra of MoN/NC on carbon cloth before and after the i-t test for 70 h 

at the fixed overpotential of -0.1 V and (b) Magnified region in (a). 
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Table S1. Comparison of the properties of MoxN-based catalysts for HER. 

 

Electrodes media 

Overpotential (mV) 

(10 mA cm-2) 

Tafel slope 

(mV dec-1) 

References 

MoN/NC 0.5M H2SO4 93 44.5 This work 

MoN/NC 1 M PBS 211 83.2 This work 

MoN/NC 1 M KOH 141 65.4 This work 

MoS2-Mo2N/CC 0.5 M H2SO4 121 49.6 [3]  

Dr-MoN-0 0.5 M H2SO4 125 51.5 [4]  

MoN 1 M KOH 400 120.6 [5]  

C3N4/MoN 

mixture 
1 M KOH 270 90.5 [5]  

Co-MoN 1 M KOH 132 (at 100 mV) 77.5 [6]  

Ni/MoN@NF 1 M KOH -- 54.8 [7]  

MoN@NF 1 M KOH -- 66.6 [8]  

MoNx 0.5 M H2SO4 200 114 [9]  

MoNx 0.1 M KOH 240 121 [9]  

MoS2/MoN 0.5 M H2SO4 117 87 [10]  
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