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Carbon nanotubes encapsulating Pt/MoN heterostructures for superior 
hydrogen evolution 
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We fabricated PtNi/MoN@C heterostructured catalysts on nanotubes by in situ precursor conversion strategies, enhancing the electron transport and reduce the 
△GH* and showing prominent electrochemical performance.  
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A B S T R A C T   

Achieving efficient hydrogen evolution reaction (HER) catalysts to scale up electrochemical water splitting is 
desirable but remains a major challenge. Here, nitrogen-doped carbon nanotubes (NCNTs) loaded with PtNi/ 
MoN electrocatalyst (PtNi/MoN@C) is synthesized by a simple strategy to obtain stronger interphase effects and 
significantly improve HER activity. The surface morphology of the materials is altered by Pt doping and the 
electronic structure of MoN is changed, which optimizing the electronic environment of the materials, shifting 
the binding energy and giving the materials a higher electrical conductivity, this ultimately leads to faster proton 
and electron transfer processes. The synergistic effect of Pt nanoparticles, MoN and the good combination with 
carbon leads to a high HER activity of 18 mV to reach 10 mA cm− 2 in alkaline solution, outperforming that of the 
commercial Pt/C. Theoretical studies show that the heterostructures can efficiently enhance the electron 
transport and reduce the △GH*.   

* Corresponding author. 
E-mail address: zhengxiaohang@hit.edu.cn (X. Zheng).  

Contents lists available at ScienceDirect 

Journal of Colloid And Interface Science 

journal homepage: www.elsevier.com/locate/jcis 

https://doi.org/10.1016/j.jcis.2023.07.039 
Received 22 May 2023; Received in revised form 4 July 2023; Accepted 7 July 2023   

mailto:zhengxiaohang@hit.edu.cn
www.sciencedirect.com/science/journal/00219797
https://www.elsevier.com/locate/jcis
https://doi.org/10.1016/j.jcis.2023.07.039
https://doi.org/10.1016/j.jcis.2023.07.039
https://doi.org/10.1016/j.jcis.2023.07.039
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2023.07.039&domain=pdf


Journal of Colloid And Interface Science 650 (2023) 1174–1181

1175

1. Introduction 

Hydrogen energy from electrochemical water splitting as one of the 
most promising means of clean energy production has attracted much 
attention, the key to which lies in the selection of suitable catalysts to 
reduce overpotentials and increase yield [1–3]. The noble metal cata
lysts currently used in industrial applications have excellent perfor
mance but the high price impedes the large-scale application [4,5]. 

Transition metal materials with easily tunable electronic structures 
that can meet the industrial demand for low-cost applications are 
abundant and inexpensive in the earth’s crust [6–8]. Compared with 
other transition metals such as iron and cobalt, transition metal nickel 
based materials have good stability and corrosion resistance in alkaline 
media and become the most investigated materials for HER electro
catalysts [9,10]. Compared to single metal systems, the catalyst with 
binary or multiple self-supporting nanostructures can further tune the 
electronic properties and adsorption energy of the reaction in
termediates and improve the catalytic activity by exploiting the syner
gistic interaction between metal cations with different d-band centers 
[11–14]. Among them, molybdenum nitride (MoN) has a unique struc
ture in which the nitrogen atoms occupy interstitial positions in the 
metal lattice, providing good metallic conductivity and mechanical 
stability [15]. In addition, the introduction of metal-nitrogen bonds 
expands the original lattice while reducing the d-band contraction, 
which has a higher density of states close to the metal Fermi level, giving 
MoN catalytic activity similar to that of noble metals [16,17]. Therefore, 
MoN with a strong hydrogen bonding energy can combine with weaker 
metals to give a relatively moderate value. According to the “volcano 
diagram”, there is a correlation between HER activity and hydrogen- 
metal bonding strength [18]. Based on the above concept, it is worth 
to exploit the synergistic effect between transition metal and MoN 
electrocatalysts to achieve excellent HER activity. For example, Liu et al. 
[19] designed Ni nanoparticles embedded MoN microrods cultured on 
roughened nickel sheet (Ni/MoN/rNS) to exhibit excellent catalytic 
performance in HER with an overpotential as low as 67 mV at current 
density of − 10 mA cm− 2. 

To further enhance the activity and stability of HER electrocatalysts, 
transition metal-based compounds are often immobilized on various 
conductive substrates such as covalent organic frameworks [20], carbon 
nanosheets [21] and carbon nanotubes [22], which not only prevent 
aggregation of transition metal-based compounds but also increase the 
dispersion of active sites [23,24]. Among these, carbon nanotubes are a 
promising catalyst support due to their large specific surface area, high 
mechanical strength, good electrical conductivity and tunable physical/ 
chemical properties[25]. A large number of researchers have combined 
carbon nanotubes with nanostructures to obtain electrocatalysts with 
superior performance. For example, Cheng et al.[26] proposed a nano
composite containing MoN nanoparticles (3–5 nm) and B,N conjugated 
carbon nanotubes with diameters of 30–50 nm (denoted as h- 
MoN@BNCNT). The high surface area (226 m2 g− 1) and more active 
sites in the prepared h-MoN@BNCNT gave the nanocomposite effective 
electrocatalytic properties. The design of MoN-based catalysts with 
tailored structures and efficient catalytic activity for alkaline electro
chemical water splitting is of great interest, although the research is still 
quite limited. 

In this work, we have designed and prepared nitrogen-doped carbon 
nanotubes (NCNTs) loaded with PtNi/MoN heterostructured catalysts 
(denoted as PtNi/MoN@C) by in situ precursor conversion strategies. 
The generation of NCNTs is facilitated by high temperature using Ni as 
catalyst, while MoN nanoparticles are dispersed in NCNTs, followed by a 
simple impregnation method to obtain PtNi/MoN@C. The synergistic 
effect of Pt nanoparticles, MoN and the good combination with NCNTs 
leads to a high HER activity of 18 mV to reach − 10 mA cm− 2 in alkaline 
solution. Theoretical studies show that the heterostructure can effi
ciently enhance the electron transport and reduce the △GH*, and then 
improve the electrocatalytic performance. 

2. Experimental section 

Materials: All the chemicals including Ni(NO3)2⋅6H2O (99%), 
Na2MoO4⋅2H2O (AR, 99%), 5% Nafion solution (Nafion®117 solution), 
dicyandiamide (98%), hydrochloric acid (37 a.t.%), ethanol (95%) and 
chloroplatinic acid (99%) were purchased from Macklin Reagents and 
used directly without further purification. Pt/C powder (Pt 20 w.t.%, 
powder) was purchased from Zhongke Innovation Energy Technology 
Co.. 

Before material preparation, Ni foam was pretreated in advance: 
soaked in hydrochloric acid solution for 5 min, then washed with 
ethanol and deionized water several times and placed in a vacuum oven 
to dry at 60 ◦C. The Ni foam was purchased from Jia Yisheng Co., Ltd. 
(Kun Shan); the thickness was 1.5 mm, the surface density was 600 g/m2 

and the hole number was 110 ppi. The size of all the sample used in test 
was 1*1 cm2. 

2.1. Synthesis of NiMo-O 

Solving 0.5 mmol of Ni(NO3)2⋅6H2O and 0.5 mmol of 
Na2MoO4⋅2H2O in 80 mL of deionized water, after the drug is 
completely dissolved, it was transferred into a 100 mL Teflon-lined 
stainless autoclave and put the prepared Ni foam (2*4 cm2) 
completely in the solution and react at 120 ℃ for 8 h, then washed 
several times with ethanol and deionized water and dried at 60 ℃. Then 
samples was placed in tube furnace and calcined under air. The tem
perature was raised to 400 ℃ at a rate of 2 ℃ min− 1 and kept for 2 h, 
then naturally cooled to room temperature. The product was labeled 
NiMo-O. 

2.2. Synthesis of Ni/MoN@C 

The NiMo-O precursors were treated in a tube furnace in nitrogen 
atmosphere using dicyandiamide as the carbon and nitrogen source. The 
dicyandiamide and the NiMo-O sample were placed in the upstream and 
downstream of the tube furnace, respectively, and the temperature was 
raised to 800 ℃ and maintained for 2 h. The product was labeled Ni/ 
MoN@C. For comparison, the amount of carbon/nitrogen source was 
adjusted to 150 mg, 200 mg, 300 mg and 350 mg of dicyandiamide, 
while the treatment temperatures were 700, 800 and 850 ℃, 
respectively. 

2.3. Synthesis of PtNi/MoN@C 

The chloroplatinic acid solution with a concentration of 1 mg μL− 1 

was selected, 3, 5 and 8 μL of chloroplatinic acid solution were added to 
20 mL of ethanol, ultrasonicated for 2 min and the Ni/MoN@C sample 
(1 × 2 cm2) was completely immersed in the configured solution, then 
held at 80 ◦C for 20 min, washed several times with ethanol and dried at 
60 ◦C. Then the sample was annealed in argon at 400 ◦C for 1 h to obtain 
the PtNi/MoN@C. 

Commercial Pt/C electrode was prepared with the 20 w.t.% Pt/C 
powder and 5 w.t.% Nafion solution in ethanol and then uniformly 
dispersed on the Ni foam and dried at 60 ℃ with the loading of ~ 0.5 mg 
cm− 2. 

2.4. Materials Characterization 

The fabricated electrocatalysts were characterized by SEM (Merlin 
Compact field emission scanning electron microscope), TEM (Talos 
F200X transmission electron microscope), XRD (Empyrean X-ray 
diffractometer), Raman spectroscopy (Optosky ATR8300 with 532 nm 
excitation) and XPS (ESCALAB 250Xi X-ray photoelectron spectrometer) 
to analyze their microstructure and composition. Elemental content 
measured by inductively coupled plasma spectrometry (ICP-OES 7400, 
Thermo). 
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2.5. Electrochemical Test 

Electrochemical performance measurement mainly include linear 
voltammetry curve (LSV), cyclic voltammetry scan (CV), AC impedance 
test (EIS), timing potential analysis, etc. were measured in the electro
chemical workstation (CHI 760E). In HER test, a conventional three- 
electrode system was used, in which graphite rod was used for the 
opposite electrode, Hg/HgO electrode was used for the reference elec
trode, and 1 M KOH aqueous solution was used as the electrolyte. All 
voltage values were iR compensated and converted to standard 
hydrogen electrode potential. 

3. Result and discussion 

As shown in Fig. 1, the NiMo-O nanosheets are first prepared on Ni 
foam substrate by hydrothermal reaction and then annealed in air at 
400 ◦C to produce NiMo-O nanosheets with flower-like flake structure. 
The CVD process is carried out in nitrogen atmosphere as shown in the 
schematic diagram. When the heat treatment temperature reaches 
600 ◦C, the CNx gas generated from the decomposition of dicyandiamine 
reacts with the NiMo-O nanosheets to reduce the Ni in NiMo-O, and the 
initial NiMo-O is converted to Ni/MoOx in the reducing atmosphere. 
When the temperature is further increased to 800 ◦C, MoOx will then 
continue to absorb CNx gas and be nitrided in situ to form MoN, while in 
this process the in situ reduced Ni nanoparticles act as catalytic center 
and use CNx as a carbon source to form NCNTs (the product denoted as 
Ni/MoN@C)[27]. The formed Ni/MoN@C is then dispersed in an 
ethanolic solution of H2PtCl6 using a chemical bath and heat treatments 
to obtain PtNi/MoN@C. SEM results in Fig. 2a shows that after hydro
thermal reaction and oxidation treatment, the Ni foam substrate is 
completely covered with NiMo-O flower-like nanosheets in a uniform 
and dense manner. After the CVD treatment, the morphology of the 
flower-like NiMo-O nanosheets changed. The formation of a large 
number of Ni/MoN nanoparticles inside the interwoven NCNTs was 
shown in Fig. 2b. SEM images of Ni/MoN@C with different dicyandia
mide content and different temperature in CVD process is shown in 
Fig. S1 and S3 and tested LSV curves shown in Fig. S2 and S4. The cross- 
linked NCNTs structure changes to a granular structure after Pt doping 
in Fig. 2c, which is due to the etching effect of chloroplatinic acid and 
the aggregation of NCNTs loaded nanoparticles to a certain extent. EDS 
in Fig.S5 shows a homogeneous distribution of Mo, N and Pt elements 
and LSV curves of different chloroplatinic acid content were shown in 
Fig. S6. 

The prepared samples are further analyzed by XRD. As shown in 
Fig. 2d, the sample is located at 26.4◦ corresponding to carbon peak and 
located at 31.9◦, 36.2◦, 49.0◦, 65.1◦ and 74.3◦ corresponding to (002), 
(200), (202), (220)and (222) planes of MoN (PDF# 25–1367). After Pt 
doping, the corresponding metal Pt peak can be detected at 39.8◦ that is 
(111) crystal plane of metal Pt. As shown in Fig. 2e, the Raman char
acteristic peaks at 1350 and 1580 cm− 1 correspond to the D peak of 
disordered carbon and the G peak of graphitic carbon, respectively. The 
high ratio of the D peak to the G peak (ID/IG) of PtNi/MoN@C (1.16) and 
Ni/MoN@C (1.13) indicates the presence of a large number of defects in 
the NCNTs, which is due to the presence of a large number of N atoms 
doped in the NCNTs [28]. 

Further insights into the morphology and structure of the as- 
prepared samples are elucidated by TEM and HRTEM. The TEM re
sults further show that the MoN nanoparticles are wrapped by inter
woven NCNTs, and in agreement with the SEM results, as shown in 
Fig. 3a and 3b . The in situ grown NCNTs are also interwoven with each 
other and the nanoparticles are distributed over the NCNTs to form 
horizontal conducting pathways between the nanoparticles, ensuring 
long distance electron transport through the materials. As shown in 
Fig. 3c and S9, the MoN nanoparticles are analyzed by HRTEM with a 
crystalline spacing of 0.186 nm corresponding to the (202) crystalline 
plane of MoN, while a crystalline spacing of 0.23 nm corresponding to 
the Pt (111) crystalline plane. According to the above experimental 
results, Pt nanoparticles are tightly embedded in NCNTs and grafted 
onto MoN nanoparticles, and the average particle size of Pt is 5–15 nm. 
As shown in Fig. 3d, the Ni nanoparticles are encapsulated in bamboo- 
like NCNTs, and further show that the crystal plane spacing of 0.199 
nm corresponding to the (111) crystal plane of Ni. This also indicates 
that Ni act as a catalyst for NCNTs. This result is also consistent with the 
elemental distribution in Fig. 3e, which shows the corresponding 
element mapping distribution. 

The surface composition and chemical states of the samples are 
further investigated by XPS. The presence of the elements Pt, Mo, O, C 
and N in the prepared PtNi/MoN@C is evident from the XPS as shown in 
Fig. 4. The C 1 s XPS spectra in Fig. 4a has three dividing peaks, rep
resenting C–C (284.8 eV), C–O (285.8 eV) and C––O (288.2 eV). The O 
1 s spectrum in Fig. 4b can be divided into four peaks, O1 at 530.06 eV, 
O2 at 530.85 eV, O3 at 531.56 eV and O4 at 532.40 eV. Fig. 4c shows the 
XPS spectra of Mo 3d in the material, the two peaks corresponding to 
binding energies of 229.1 eV and 232.2 eV are shown for Mo5+ (229.1 
and 232.2 eV)[29]. Among them, Mo4+ (229.7 and 232.8 eV) and Mo6+

(232.3 and 235.4 eV) peaks are due to oxidation caused by exposure to 

Fig. 1. Schematic illustration of the fabrication of PtNi/MoN@C.  
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Fig. 2. SEM images of: (a) NiMo-O, (b) Ni/MoN@C and (c) PtNi/MoN@C. (d) XRD patterns of the obtained catalysts. (e) Raman spectra of the obtained catalysts.  

Fig. 3. (a)-(d) TEM image and HRTEM image of PtNi/MoN@C. (e) TEM mapping of PtNi/MoN@C.  
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air [8,30]. For the N 1 s spectrum, the peak at 394.9 eV is assigned to Mo 
3p, due to the partial overlap of Mo 3p and N 1 s [31]. The other two 
peaks at 398.6 and 400.8 eV can be assigned to N-Mo and N–H, 
respectively. Where N –H probably comes from the reaction of surface 
N and H2 during the Ni/MoN synthesis, which accelerates the electro
catalytic process to some extent [32]. The high-resolution Pt 4f spectra 
(Fig. 4e) can be fitted to Pt 4f7/2 (71.3 eV and 74.65 eV) and Pt 4f5/2 
(72.6 eV and 75.58 eV), matching to Pt0 and Pt ions that should be 

assigned to Pt oxidation state (Pt2+). The Ni 2p orbital peaks are shown 
in Fig. 4f. The two peaks at 852.92 eV in Ni 2p3/2 and 870.60 eV in Ni 
2p1/2 correspond to Ni atoms, and the two peaks at 855.55 eV and 
873.52 eV correspond to Ni2+ in the oxide formed by natural oxidation 
of the Ni foam [33]. In the as-prepared PtNi/MoN@C sample, the Pt, Ni, 
N and Mo contents were 0.44 a.t.%, 1.26 a.t.%, 5.17 a.t.% and 4.74 a.t.% 
by XPS results. And the actual Pt loading in the PtNi/MoN@C sample is 
80.65 μg cm− 2 by ICP. 

Fig. 4. XPS spectra of (a) C 1s, (b) O 1s, (c) Mo 3d, (d) N 1s, (e) Pt 4f and (f) Ni 2p for Ni/MoN@C and PtNi/MoN@C.  

Fig. 5. (a) LSV curves and (b) Tafel plots of the obtained catalysts for HER tests. (c) Nyquist plots of the obtained catalysts. (d) CV curves of PtNi/MoN@C. (e) the 
calculated electrical double-layer capacitor (Cdl) values. (f) Long-time running of PtNi/MoN@C. 
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The HER tests are carried out in a three-electrode electrochemical 
system and the electrolyte is 1 M KOH solution. It can be seen that the 
best electrochemical performance is obtained from the prepared PtNi/ 
MoN@C. Specifically, the overpotential of PtNi/MoN@C can reach 18 
mV at a current density of 10 mA cm− 2, which is much lower than that of 
Ni/MoN@C (220 mV). The overpotential is reduced by 202 mV 
compared to that of Ni/MoN@C, which proves the effectiveness of the 
designed electrochemical system for the preparation of high perfor
mance catalysts. For comparison, the commercial Pt/C electrodes and Ni 
foam are fabricated and measured shown in Fig. S10 and S11. The 
overpotential for Ni foam at the current density of 10 mA/cm2 is 284 mV 
for HER and Tafel slope is 127.7 mV•dec–1. The kinetic mechanism is 
further investigated and the Tafel slope is calculated for each sample as 
shown in Fig. 5b. Comparing the 106.5 mV dec-1 of Ni/MoN@C, it can be 
seen that the Tafel slope of PtNi/MoN@C is smaller at 43.6 mV dec-1, 
indicating the fastest kinetic behavior of HER. This result shows that the 
Volmer reaction is the crucial step in the Volmer-Heyrovsky mechanism, 
which has a significantly higher rate after the introduction of Pt. This 
may be due to the fact that the complexation of Pt elements adjusts the 
local electronic structure and reduces the adsorption and desorption 
energy of hydrogen protons, thus promoting the dissociation of water 
molecules and the adsorption of H. In order to estimate the electrical 
resistance in the catalytic reaction as well as the charge transfer capa
bility of the catalyst itself, the electrochemical impedance spectrum 

(EIS) on the HER side is plotted, as shown in Fig. 5c. It can be seen that 
the lines of the tested samples are all typical semicircular shapes, and the 
radius of semicircular of PtNi/MoN@C is much smaller than that of the 
Ni/MoN@C, which represents the excellent charge transfer capability of 
PtNi/MoN@C. 

Furthermore, the electrochemical surface area (ECSA) of the samples 
are used to estimate the number of active sites exposed by the electro
catalyst, which can be assessed by calculating the double-layer capaci
tance (Cdl) of the CV curves (Fig. 5d and S12)[34]. Fig. 5e shows that 
PtNi/MoN@C (150.02 mF cm− 2) presents a considerably larger Cdl than 
the Ni/MoN@C (78.48 mF cm− 2), indicating that much more active sites 
are exposed in the HER test due to the introduction of Pt. Then the 
turnover frequency (TOF) is calculated as follows[35,36]: 

TOFH2 = |J| * mA / ECSA * 1C s− 1 / 1000 mA * 1 mol e– / 96495.3C * 
1 mol H2 / 4 mol e– * 6.022 * 1023 H2 molecules / 1 mol H2. 

= |J| / ECSA * 3.12*1015 H2 s− 1 per mA/cm2. 
At an overpotential of − 100 mV, the TOF value of the PtNi/MoN@C 

electrode is 0.13 s− 1, which is 37 times that of Ni/MoN@C (Fig.S13). 
The electrochemical stability of the system was demonstrated by chro
nopotentiometry tests. It can be seen that the electrochemical stability of 
the PtNi/MoN@C is good and the overpotential of the HER do not in
crease significantly after a long cycle with a current density of − 10 mA 
cm− 2, which is also due to the good mechanical contact of the self- 
supported structure. Besides, the XRD of sample after the stability test 

Fig. 6. (a) The atomic models of the H on Pt, H on MoN and H on interface of Pt and MoN. (b) The ΔG*H values of Pt and MoN. (c) The partial density of states 
(PDOS) of MoN (202) and Pt/MoN. 
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(Fig.S14) shows the similar to pristine, which indicates a relatively 
excellent compositional stability. 

First-principles calculations are performed on the crystal structure 
model, as shown in Fig. 6. The free energy of the intermediate (adsorbed 
hydrogen atom, H*) with respect to the reactant at the selected active 
sites[37]. Thus, we calculated the △GH* at different sites of the obtained 
catalysts. The heterostructure and their specific adsorption sites are 
shown in Fig. 6a. As shown in Fig. 6b, the calculation results indicate 
that Pt can effectively reduce the hydrogen adsorption energy at the 
interface, which is beneficial for the enhancement of HER activity and 
consistent with the experimental HER performance. And after the 
introduction of Pt, the total density of states near the Fermi level of MoN 
(202) increases significantly, which means that the electron transport 
capability is also significantly improved. 

4. Conclusion 

In this study, PtNi/MoN@C is synthesized by a simple strategy to 
obtain stronger interphase effects and significantly improves HER ac
tivity. The Pt/MoN nanoparticles are combined with NCNTs with effi
cient electron conduction, providing the catalyst with an abundance of 
active sites. As a result, PtNi/MoN@C exhibits a low overpotential of 18 
mV in alkaline solutions to deliver − 10 mA cm− 2, outperforming that of 
the commercial Pt/C and other reported Mo-based materials such as Co/ 
MoN hetero-interface [38], Co/CoMoN/NF heterostructures [39] and 
Mo@MoNi alloy [40] etc. Experimental and theoretical studies show 
that the excellent electrocatalytic performance comes from the syner
gistic effect of Pt and MoN heterostructure that can increase the number 
of active sites, and the good combination with carbon nanotubes pro
motes fast electron conduction. This work provides an approach to the 
direct compounding of carbon materials with catalysts and has impli
cations for the design of highly efficient HER electrocatalysts. 
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