
S1

Supporting Information

Tailoring the electronic environment of MoSe2 via cation metal 

doping for enhanced alkaline hydrogen evolution reaction 

Saman Sajjad,ac Jiawei Ke,a Tianheng Du,a Jiabo Wang,a Lifang Zhang,a Yufei Li,d Bin 

He,e Tongfei Li,*a Tao Qian,a and Chenglin Yan*bc  

aSchool of Chemistry and Chemical Engineering, Nantong University, Nantong 

226019, China 

E-mail: litongfei@ntu.edu.cn (T. Li)

bSchool of Petrochemical Engineering, Changzhou University, Changzhou 213164, 

China

cKey Laboratory of Advanced Carbon Materials and Wearable Energy Technologies of 

Jiangsu Province, College of Energy, Soochow University, Suzhou 215006, China

E-mail: c.yan@suda.edu.cn (C. Yan)

dPinghu Institute of Advanced Materials, Zhejiang University of Technology, Pinghu 

314200, China

eDepartment of Materials Engineering, Huzhou University, Huzhou 313000, China

Electronic Supplementary Material (ESI) for New Journal of Chemistry.
This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

mailto:litongfei@ntu.edu.cn
mailto:c.yan@suda.edu.cn


S2

Experimental Section

Materials and Chemicals

Nickle nitrate hexahydrate (Ni(NO3)2.6H2O), cobalt nitrate hexahydrate 

(Co(NO3)2.6H2O), and hydrazine hydrate (N2H4.H2O, 85%) were purchased from 

Sinopharm Chemical Reagent Co., Ltd. China. Iron nitrate nonahydrate 

(Fe(NO3)2.9H2O), sodium molybdate (Na2MoO4.2H2O), and selenium powder (Se, 

99.9%) were supplied by Sigma-Aldrich. All chemical reagents were used as received 

without further purification.

Synthesis of NiFe@MoSe2 nanosheets

In a typical synthesis of NiFe@MoSe2 nanosheets, 4 mmol of Se was added to 10 ml 

of N2H4·2H2O in a separate flask and stirred continuously for about 1.5 h. Then, 2 mmol 

of Na2MoO4·2H2O, 0.02 mmol of Ni(NO3)2.6H2O and 0.02 mmol of Fe(NO3)2.9H2O 

were dispersed in 50 ml H2O with continuous stirring to form a clear solution. After 

stirring, the Se solution was slowly added to the Na2MoO4 solution and the mixed 

solution was an orange-red color. Then, the reaction solutions were transferred to a 

Teflon-lined stainless autoclave and kept at 220 oC for 20 h for hydrothermal treatment. 

After natural cooling down to room temperature, the as-synthesized black precipitates 

were collected by centrifugation at 10000 rpm for 5 min and washed several times with 

D.I water, then dried in a freeze dryer for 24 h. Finally, the NiFe@MoSe2 nanosheets 

were obtained. For comparison, NiCo@MoSe2 and FeCo@MoSe2 electrocatalysts 

were also synthesized by the same procedure as the preparation of NiFe@MoSe2 

nanosheets, except that the metal species were changed with Ni2+/Co2+, and Fe3+/ Co2+, 

http://www.baidu.com/baidu.php?url=Kf0000K5cNxA6dzipf5eoySHnFvkMaFdvNlIh_HWY-ApEHAjxcHIpsDQKsD1EI90KyDLhwgsHiEIlMNVGboKiUPGsuUzgj1cPBB3IqO-YsawdFTuHy72lRYo1nVj6vk1pt-U-ZNlqA1-P8qDn3_XPUuINTYXZB48CejQfSQLHvKhOxyom4K_3TRkXCpni5rd_9uwEBFYui_6LrFQT_ksu2gUflCe.DR_NR2Ar5Od663rj6tCLlVQQPAlutPgFKt54mrAJaPQnYPRAZ1en5oeTr13T5MY3xy1jexZj4e_r13TrOGsSXOjE33xyEEoIj6WmVWl3vIiy2S8PnL4hIiyrPMyPYdKBuP75YnkfGlYD1pyn5Mvmxgv3IMs3x5GsSVhZvSrZ1LmIMs3IOH9tqSZxksSVxy9CkGmVl32AM-9uY3vglCh5vLq8Fh61OOJULtr5gZOO1jb_13T-Msd5Bul32AM-YG8x6Y_f33X8a9G4mLmFCR_g_3_ZgKfYt_QCJamJj7Xi1WuMePSxudsRP5QfHPGmsSxu9qxU9vxj9tSMjlvmxU33x5I9vxj9LqrZ1L3IOZjldoDkEvyN4QPh1-o4gFYtVvGmuCyPLWggmC0.U1Y10ZDqVEewqU8EYot0TA-W5HD0IjvvOVZd8lOiEsKGUHYznWR0u1dEugK1nfKdpHdBmy-bIykV0ZKGujYkrfKWpyfqPHm0UgfqnH0krNtknjDLg1csPH7xn10sn-tknjmkg1nvnjD0pvbqn0KzIjY3Pj00mhbqnHR3g1csP7tdnjn0UynqnH0krNtknjDLg1csPH7xnH0zg1Dsn-ts0Z7spyfqn0Kkmv-b5H00ThIYmyTqn0K9mWYsg100ugFM5H00TZ0qn1D1Pjm1PjT3n0K8IM0qna3snj0snj0sn0KVIZ0qn0KbuAqs5H00ThCqn0KbugmqTAn0uMfqn0KspjYs0Aq15H00mMTqnH00UMfqn0K1XWY0mgPxpywW5gK1mgFVQy4J0A-bm1dribGH0ZKCIZbq0Zw9ThI-IjYvndtsg1Ddn0KYIgnqnHfYnjfYrjm4nWDLP1nknj0Y0ZF-TgfqnHmLrjDdn164rjn4P0K1pyfqrjcvnhfsmhmsnjK9rAu-n6KWTvYqnbRsfb7KPjmLnYNDfbndr0K9m1Yk0ZK85H00TydY5H00Tyd15H00XMfqn0KVmdqhThqV5HKxn7tsg1nkPj9xn7ts0Aw9UMNBuNqsUA78pyw15HKxn7tsg161PjT4rjIxrjnYP1b3Pdts0ZK9I7qhUA7M5H00uAPGujYs0ANYpyfqQHD0mgPsmvnqn0KdTA-8mvnqn0KkUymqn0KhmLNY5H00pgPWUjYs0A7buhk9u1Yk0Akhm1Ys0AwWmvfqn1-jrjRYPHNKPWFAnWbYnHNDrjbdwDujn1c4P1DdwWNtn0KYTh7buHYs0AFbpyfqf1uAfbN7nHc4nD7Drj9anHFanj6zPjn4wD7Dwj0snDR0UvnqnfKBIjYs0Aq9IZTqn0KEIjYs0AqzTZfqnanscznsc10WnansQW0snj0snanscYwANansczYWna3snj0snj0Wni3snj0knj0Wnansc108nj0snj0s0AF9UhV9mvnqnans0Z91IZRqn1c3PH0zPjD0TNqv5H08rHNxna3sn7tsQW0sg108rHNxna3drNtsg108PH-xn0KBTdqsThqbpyfqn0KzUv-hUA7M5H00TMw9pyfq0APv5fKGTdqWTADqn0KWTjYs0AN1IjYs0APzm1YYn1csn6&us=newvui&xst=TjY1nHnYPWnYP16s0ynqn1-jrjRYPHNKPWFAnWbYnHNDrjbdwDujn1c4P1DdwWNtn07B5RnvwbF7wHDzrHKKwj63fWDzfW03nWf1rRwKwDfsnjK70gnqrHn4PHnsnHc4nHfsPWc4rHDsP-tznWNxn67L5UUSYxyeoq2O0gDqVEewqU8EYotKIHY1nW6dnjcYnf7Y5HDvP16kPHn3rH6KUgDqn0cs0BYKmv6quhPxTAnKUZRqn07WUWY
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respectively. The preparation of pure MoSe2 nanosheets was the same as that of 

NiFe@MoSe2 except that Ni(NO3)2.6H2O and Fe(NO3)2.9H2O were removed. 

Materials characterization

The crystal structure was analyzed by X-ray diffraction (XRD, Bruker D8 Advance 

with Cu Ka, λ = 1.5406 Å). The microstructure and morphology of the samples images 

were observed on a field emission scanning electron microscopy (FE-SEM) from JEOL 

(JSM-7800F) and a transmission electron microscopy (TEM, JEM-2100F, JEOL), 

respectively. X-ray photoelectron spectroscopy (XPS, Thermo Scientific, ESCALAB 

250Xi) was employed to identify the chemical composition and electronic states of the 

samples, and the binding energy was calibrated against the C 1s peak energy of 284.6 

eV. Raman spectra were recorded by a LaBRAM HR800 (Jobin Yvon Horiba) Raman 

spectrometer (λ= 532 nm). 

Electrochemical measurements

All the electrochemical measurements were performed by a CHI 760E electrochemical 

workstation (CHI Instruments Inc.) in N2-purged 1.0 M KOH aqueous solution. 

Ag/AgCl electrode and carbon rod were used as the reference electrode and the counter 

electrode, respectively. The catalyst ink was prepared as follows: the electrocatalyst 

powders (8 mg) and 2 mg of acetylene black were dispersed into 50 μL of Nafion, 600 

μL of deionized water and 350 μL of ethanol and ultrasonicated for 30 min to generate 

a homogeneous slurry. Then 10 μL of the resulting suspension was sprayed onto the 

surface of the glass carbon and dried at room temperature as the working electrode. The 

linear sweep voltammograms (LSVs) were measured from high potential to low 
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potential at a scan rate of 5 mV s-1. The turnover frequency (TOF) was evaluated by the 

following standard equation: TOF = J * A / 2 * F * n. Here, J is the current density (mA 

cm-2) at an overpotential of 300 mV; A is the area of electrode; n is the moles of active 

metal atoms; F is the Faraday constant (96485 C mol-1). The corresponding Tafel slope-

reflected reaction kinetics was calculated by the formula: η = a + b log j where η, b, and 

j represent potential, Tafel slope, and current density, respectively. By plotting graph 

between the potential and log (current density), Tafel slopes were obtained from the 

polarization curves. Electrochemical impedance spectroscopy (EIS) was tested in the 

frequency range of 100,000 ∼0.01 Hz at the open circuit potential. The cyclic 

voltammetry (CV) tests were conducted in a potential range of 0.12-0.22 V (vs RHE) 

at a scan rate range of 20-100 mV s-1 to receive the electrochemical active surface area 

(ECSA). The Cdl calculation (Cdl = (ja - jc)/(2*v) = (ja + |jc|)/(2*v) = Δj/(2*v)), where 

ja and jc are the anodic and cathodic voltammetric current density, respectively, and v 

is the scan rate. All potentials were presented with respect to the reversible hydrogen 

electrode (RHE) in this work: ERHE = EAg/AgCl + 0.197 V + 0.059 × pH. 
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Figures and Table

Figure S1. SEM image of the resultant MoSe2.
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Figure S2. High-resolution SEM image of NiFe@MoSe2.

Figure S3. SEM image of the FeCo@MoSe2 species.
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Figure S4. SEM images of the formed NiCo@MoSe2.
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Figure S5. XPS survey spectrum of NiFe@MoSe2.
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Figure S6. CV curves of the synthesized catalysts in the non-Faradaic region (0.12 – 

0.22 V vs. RHE) obtained at different scanning rates. (a) MoSe2, (b) NiFe@MoSe2, (c) 

NiCo@MoSe2, and (d) FeCo@MoSe2.
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Table S1. HER performance comparison between the as-synthesized NiFe@MoSe2 

and representative nonprecious catalysts reported previously.

Catalyst Overpotential / mV
(10 mA cm-2)

Tafel slope
(mV dec-1)

Ref.

NiFe@MoSe2 146 79 This work

Co0.5Mo0.5S 181 N/A ACS Appl. Energy Mater. 
2022, 5, 10396−10401.

Ni-Co3S4 262 81.2 ACS Appl. Nano Mater. 
2022, 5, 7, 9901–9909.

Co9S8/Cu2S/CF 165 80.2 ACS Appl. Interface Mater. 
2021, 13, 9865–9874.

 MnCo-CH@NiFe-OH 177 97.8 Appl. Catal. B: Environ. 
2021, 292, 120160.

MoO2 NPs@N−C NSs/NF 160 92.9 Energy Fuels 2020, 34, 
9050−9057.

Co1.11Te2/C 178 77.3 Appl. Catal. B: Environ. 
2019, 244, 568-575.

CoPS@NPS-C 191 106 J. Mater. Chem. A 2018, 
6:10433–10440.

Cu0.3Co2.7P/NC 220 122 Adv. Energy Mater. 2017, 
7, 1601555.

NiFeOF 253 96 ACS Catal. 2017, 7, 8406-
8412.


