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Abstract 

 

In this paper, the magnetic and electrocatalytic properties of hydrothermally grown transition metal 

doped (10% of Co, Ni, Fe and Mn) 2H-MoS2 nanocrystals (NCs), with particle size 25-30 nm are 

reported. The pristine 2H-MoS2 NCs showed a mixture of canted anti-ferromagnetic and 

ferromagnetic behavior. While Co, Ni, and Fe doped MoS2 NCs revealed room temperature 

ferromagnetism, Mn doped MoS2 NCs showed room temperature paramagnetism, predominantly. 

The ground state of all the materials is found to be canted-antiferromagnetic phase. To study 

electrocatalytic performance for hydrogen evolution reaction, polarization curves were measured 

for undoped and the doped MoS2 NCs. At the overpotential of η = -300 mV, the current densities, 

listed from greatest to least, are: FeMoS2, CoMoS2, MoS2, NiMoS2, and MnMoS2, and the order 

of catalytic activity found from Tafel slopes is: CoMoS2 > MoS2 > NiMoS2 > FeMoS2 > MnMoS2. 

The increasing number of catalytically active sites in Co doped MoS2 NCs might be responsible 

for its superior electrocatalytic activity. The present results show that the magnetic order-disorder 

behavior and catalytic activity can be modulated by choosing the suitable dopants in NCs of 2D 

materials.  
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Introduction 

Two-dimensional (2D) transition metal dichalcogenides (TMDs) are a class of materials with the 

formula MX2, where M is a transition metal element (Mo, W etc.) and X is a chalcogen (S, Se or 

Te). 2D TMDs form layered structures in the form X–M–X, with the chalcogen atoms in two 

hexagonal planes separated by a plane of metal atoms. The layer-dependent properties of nanoscale 

TMDs have recently attracted a great deal of attention due to their extraordinary electrocatalytic, 

biomedical and optoelectronic properties1-10. Unlike other 2D materials, such as graphene, these 

materials are semiconductors with tunable (1.3-1.8 eV) band gaps. 

Recent observation11-13 of intrinsic 2D ferromagnetism in monolayer van der Waals crystals such 

as CrI3, Cr2Ge2Te6, and VS2 has invigorated the field of low-dimensional magnetism in layered 

compounds. The above 2D materials intrinsically contain magnetic elements such as Cr and V, 

which give rise to ferromagnetic behavior. In particular, there has been numerous theoretical works 

appeared14-30 in realizing the dilute 2D semiconducting materials for next generation spintronic 

materials, which do not contain magnetic elements intrinsically, followed by promising 

experimental observations31-37. For instance, Yan and co-authors have shown32 that up on Li 

intercalation, the crystal structure transformed from 2H to 1T phase, and the magnetism was 

significantly enhanced from diamagnetism to paramagnetism in 2H-MoS2 nanostructures. With 

further annealing in argon atmosphere, the 2H phase recovered gradually from 1T phase, and the 

magnetism decreased correspondingly, attributed to the Mo atoms of 1T-MoS2. In another work31, 

freestanding MoS2 nanosheets reveal the clear room-temperature ferromagnetism for all the MoS2 

nanosheets. Furthermore, results indicate that the saturation magnetizations of the nanosheets 

increase as the size decreases, attributed to the presence of edge spins on the edges of the 

nanosheets. Cao and co-authors have shown33 vacancy induced ferromagnetism in MoS2 
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nanosheets. Huo and co-authors reported36 that multilayer WS2 nanosheets exhibit strong 

ferromagnetic behavior with saturation magnetization (MS) of 0.0058 emu/g and coercive field 

(HC) of 92 Oe at room temperature, attributed to the zigzag edge sulphur and tungsten atoms. In 

addition, few more reports have recently appeared34,35,37 on the magnetic properties of TMD 

nanostructures up on doping with Co, and Mn prepared through hydrothermal method. However, 

to date, the experimental studies on the magnetic properties of TMD nanostructures are limited. 

Most of the prior works focused on the magnetic properties mainly at the low (<5-7%) doping 

level, and the relevance to their catalytic activity is not studied.  To broaden the current knowledge 

and understanding on the doping induced magnetic and catalytic properties, a comprehensive 

experimental study is required –that forms the first part of this study.  

 

TMD NCs are also known to show excellent catalytic properties38-44. For instance, MoS2 is a 

potential hydrogen evolution material for clean energy applications. The evolution of hydrogen 

from water has allured the scientific community for the possibility of using hydrogen as a clean 

energy source. In the process of extracting hydrogen from water via HER, studies45-49 have shown 

that Pt electrodes possess the best electrocatalytic properties. If it were not for the rarity of this 

element, the pursuit of other materials for the reaction would not be necessary. It is therefore in 

the best interest of the scientific community to find earth-abundant materials that can be used in 

place of Pt. One such earth-abundant material is MoS2, which, in its bulk form, has been suggested 

for use as a catalyst in the evolution of hydrogen. MoS2 was originally studied as a catalyst for 

hydrodesulphurization50-53. It has been shown38-44 that the electrocatalytic performance of MoS2 

can be improved when it is prepared in nanocrystalline form due to the formation of increasing 

number of active edge sites by doping with transition metals, in the same way as was done for 
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hydrodesulfurization. To study MoS2 NCs as electrocatalysts for HER, MoS2 NCs were doped 

with Fe, Ni, Co, and Mn. Then, the reaction kinetics, reaction mechanism, and charge transfer rates 

were examined. 

 Therefore, in this work, transition metal (Co, Ni, Fe, Mn) (10%) doped MoS2 NCs were prepared 

and their magnetic and catalytic properties were studied. In particular, it has been shown that it is 

possible to induce room temperature weak ferromagnetism in Co, Ni and Fe doped MoS2 NCs, 

while Mn doped MoS2 NCs showed paramagnetic-like behavior at room temperature. 

Furthermore, the catalytic performance of doped materials is compared with respect to that of pure 

MoS2 NCs. This study forms a significant step forward to introduce new opportunities for fully 

exploiting these materials for advanced spintronic and catalytic applications.   

 

Experimental Details 

MoS2 NCs were synthesized by using a most common facile, bottom-up ‘hydrothermal method’. 

Unlike other ‘top-down’ approaches (chemical exfoliation, sonication of bulk MoS2, electro-

Fenton processing etc.) this route eliminates harsh synthesis conditions, excludes hazardous 

chemicals, and is faster. Hydrothermal method has been routinely employed35, 37, 54, 55 in preparing 

the nanostructures of transition metal doped (Co, Cu, V, Mn) MoS2 up to the doping level of 16%.  

Previously, this method was successfully employed56-58 by some of us (Singamaneni, Gandha) in 

preparing nanocrystalline magnetic nanowires. To describe the procedure briefly, 0.4g of 

Na2MoO4-2H2O was dissolved in 30 ml distilled water under sonication for 20 minutes. At this 

step, the desired metal precursor is added. 0.38g of dibenzyl disulfide was then added to the 

solution along with 30mL of ethanol and sonicated for 30 minutes. The solution was then 

transferred into a 100 mL Teflon-lined stainless-steel autoclave and was maintained at 250 °C for 
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18 hrs. After 18 hrs. The reaction system was allowed to cool down to ambient temperature. The 

obtained products were collected by centrifugation and washed with deionized water. The 

stoichiometric MoS2 NCs were filtered and left to dry over night at room temperature in vacuum. 

Using this approach, 10% Co, Ni, Fe and Mn doped MoS2 NCs were prepared. All the precursors 

were purchased from Alfa Aeser without further purification. The magnetization measurements 

were performed using Quantum Design PPMS (5-300 K, ±5T). Electron spin resonance (ESR) 

data was recorded on a Bruker EMX Plus X-band (~9.40 GHz) ESR spectrometer, equipped with 

a high sensitivity probe head. A ColdEdgeTM ER 4112HV In-Cavity Cryo-Free VT system 

connected with an Oxford temperature controller was used for low temperature measurements. 

The complete system was operated by Bruker Xenon software. Additionally, all ESR experimental 

settings were kept constant for reproducibility. For all ESR measurements, the sample was 

wrapped in Teflon tape, and inserted in quartz tube. During the magnetic measurements, all the 

samples were carefully handled with nonmagnetic capsules and tapes to avoid contamination. We 

have employed X-ray diffraction (XRD), transmission electron microscopy (TEM), Raman 

spectroscopy and X-ray photo absorption spectroscopy (XPS) measurements to study the 

crystallinity, phase formation, doping effects and valence states of elements before and after 

doping with transition metal elements (data not shown). 

 

All catalysts were accessed heterogeneously for hydrogen production. Prior to electrochemical 

studies, the catalysts were deposited on a conductive fluorinated-tin oxide (FTO) substrate61, with 

a conductive adhesive silver paste to better support the catalyst. FTO glass was cleaned by being 

sonicated in acetone, isopropyl alcohol, and deionized water separately. Then the silver paste was 

coated on top of the active side of the FTO with an area of 0.25 cm2 (0.5 cm * 0.5 cm). 0.5 mg of 
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the catalyst was dispersed in 1 mL ethanol and sonicated for 30 minutes to form a homogeneous 

ink. 10 μL of the catalyst ink was then drop casted on the silver paste and the plate was allowed to 

dry in ambience, which was later used as the working electrode for electrochemical measurements. 

 

All electrochemical studies were performed on a CHI760D potentiostat61 with a three-electrode 

electrochemical cell in room temperature. A platinum wire was utilized as the counter electrode 

while a saturated calomel electrode (SCE) was used as the reference electrode. All potentials 

displayed in this work were referred to reversible hydrogen electrode (RHE) by adding a value of 

(0.245 + 0.059 pH) to the data obtained using a SCE reference electrode. An aqueous solution of 

0.5 M H2SO4 was used as both the proton source and electrolyte. The solution was saturated with 

nitrogen gas to remove the dissolved oxygen prior to each measurement. Electrical impedance 

spectroscopy (EIS) was obtained at different overpotentials from 100 KHz to 0.1 Hz with AC 

voltage of 5 mV. 

Results and Discussion 

A. Magnetic Properties 

a. MoS2 NCs 

To study the magnetic properties of MoS2 NCs, temperature- and magnetic field-dependent 

magnetization measurements were performed. In Fig. 1(a), the temperature dependence of 
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magnetization is plotted. The 

magnetization was measured from 10-

300 K, after a 0H = 1 T magnetic field 

cooling. As it can be noticed, the 

magnetization increased with cooling. 

A similar observation was reported on 

many other materials31,32,37,62 such as 

exfoliated WS2 nanosheets, graphene 

nanoribbons, Li intercalated MoS2 

nanosheets, and amorphous MoS2.  

 

To better understand the observed 

magnetic behavior, the χ-T curve was 

fitted using modified Curie-Weiss  

(CW) model32 χ = χdm + C/ (T + θ), which involves the diamagnetic and paramagnetic 

contributions. Here, χdm is the diamagnetic susceptibility, C = Curie constant, θ = CW temperature, 

and T = measurement temperature. The fitting results (blue) are shown in Fig. 1(a) along with the 

experimental data (black). Both the diamagnetic and paramagnetic components were resolved. In 

addition, the fitting results are tabulated in Table 1. The value of θ was obtained as 3 K for the 

MoS2 NCs. As shown in Table 1, the value of θ is positive indicating antiferromagnetic behavior, 

which, however, is associated with uncompensated spins that result in finite magnetization. That 

is the typical signature of canted antiferromagnetic phase. Negative θ values would indicate 

ferromagnetism. 

Fig. 1: The temperature dependent magnetic 

susceptibility and magnetic field-dependent magnetic 

behavior of MoS2 NCs. Inset of Fig. 1(a) also included 

the applicability of modified Curie-Weiss model. 
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Table I 

Sample C Θ (K) χdm 

Undoped MoS2 NCs 4.767e-04 3.406 -9.454e-07 

Fe doped MoS2 NCs 4.257e-04 3.296 -3.732e-07 

Ni doped MoS2 NCs 5.396e-04 3.173 -6.123e-07 

Co doped MoS2 NCs 9.895e-04 2.935 1.883e-06 

Mn doped MoS2 NCs 3.756e-03 2.841 -5.526e-06 

 

Now, the attention will be turned to the magnetic field dependent magnetization behavior. 

Isothermal magnetization as a function of magnetic field were measured between 10-300 K. The 

data are plotted in Fig. 1(b-f). At 10 K, observation of a nearly anhysteretic behavior with positive 

slope indicates canted antiferromagnetic phase. As temperature increases further, a more magnetic 

hysteretic behavior was observed at low fields but the anhysteretic behavior persists at higher 

fields. These features together with M-T variation (Fig. 1(a)) indicate that MoS2 NCs showed a 

canted antiferromagnetism at low temperature and weak ferromagnetism at room temperature. We 

have verified that the modified Brillouin function32 (see below) could not account for the room 

temperature M-H behavior.  

𝑀 = 𝑋𝑑𝐻 + 𝑀𝑠[
2𝐽 + 1

2𝐽
coth (

2𝐽 + 1

2𝐽
𝑋) −

1

2𝐽
coth (

𝑋

2𝐽
)] 

 

This function consists of a linearly field dependent function, which represents diamagnetism added 

with the classic Brillouin function, which refers to paramagnetism. In the above equation, the 

variable Ms is the saturated magnetization, 𝑀𝑠 = 𝑁𝑔𝜇𝐽, where N is the density of spins, μ is Bohr’s 

magneton, g is the Lande g-factor, and J is the angular momentum number. The variable X is 

equaled to 𝑔𝐽𝜇𝐻/𝑘𝑇, where k is Boltzmann’s constant, and T is temperature. By using the 

modified Brillouin function, we were able to obtain fits for the data that was accumulated, however 

the numerical values of temperature in our fits did not correlate with what was seen in 
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experimentation, verifying that the modified function could not account for the magnetic-field 

dependent magnetization data that was observed at room temperature. We noticed a strong 

hysteretic behavior at 300 K rather than at 10 K. This observation is also reflected in the 

temperature dependent coercive field (Hc) trend plotted in Figure 2. We noticed that Hc increased 

from 373 to 880 Oe as the temperature increased from 10 to 300 K. This infers that the 

ferromagnetism observed at room temperature is of short-range. 
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Figure I: The temperature variation of coercive field of MoS2 NCs 

To corroborate the magnetic data, the temperature dependent (50-300 K) resistance measurements 

(data not shown) were performed on all the materials studied here, including undoped MoS2 NCs. 

The data showed semiconducting behavior (resistance increases as the sample is cooled), 

consistent with the literature reports63, and revealed very little (<0.5%) magnetic field dependence 

even upon the application of 3 T magnetic field. These observations are the typical signatures of 

canted antiferromagnetism.  
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To provide additional information on the presence of magnetic moments, in our previous work59,60, 

using X-band (~9.43 GHz) ESR spectroscopy performed on MoS2 NCs, we have reported several 

electron spin centers such as oxygen species, sulphur vacancies, thio-, and oxo-Mo5+. We believe 

that the exchange interaction among these magnetic species could lead to the observed magnetic 

phases. These measurements coupled with the data obtained from XPS and Raman spectroscopy 

showed no indication of unwanted extrinsic impurities that could account for the magnetic 

behavior observed in the present work.  

In the sections below, the magnetic and catalytic properties of doped MoS2 NCs were presented 

and discussed. 

b. Co doped MoS2 NCs 

The temperature dependent magnetic susceptibility (χ) data was obtained after the sample was 

cooled to 10 K in 0H = 1 T magnetic field (see Fig. 3(a)). The magnetization value (0.8 emu/g) 

observed in the present study is higher than those (0.006 to 0.3 emu/g) reported35,37,54,55 in the 

literature on similar systems such as Co, Cu, and V doped (< 7% doping) MoS2 nanostructures 

prepared through hydrothermal method. As displayed in Fig. 3(a), the temperature dependence of 

magnetic susceptibility can be well described by the modified CW model. We obtained a positive 

θ of 3 K (see Table 1) which indicates that the material is antiferromagnetic below the temperature 

of 3 K.  

 

Isothermal magnetization measurements were performed on Co doped MoS2 NCs by sweeping the 

magnetic field from -2 to +2 T at 10, 50, 10, 200 and 300 K. The data are presented in Fig. 3(b-e). 

At 10 K, magnetization shows anhysteretic behavior with the magnetic field with the positive 
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slope, which indicates the (canted) 

antiferromagnetic behavior. 

Interestingly, with further increase 

in temperature, a more hysteretic 

behavior with coercive field of 400 

Oe becomes pronounced, 

suggesting unambiguous room-

temperature ferromagnetism, as 

evidenced from the s-shaped 

hysteresis loop. In addition, the 

applicability of the Brillouin 

function was tested, and found that 

it could not be accounted for the 

magnetic-field dependent 

magnetization data observed at room temperature. The saturation magnetization (magnetization at 

the maximum applied magnetic field) decreases as the measurement temperature increases from 

10-300 K. This trend is consistent with the temperature dependent magnetic susceptibility data as 

shown in Fig. 3(a). Xiang and co-authors have also reported35 room temperature ferromagnetism 

from Co doped (< 7%) MoS2 nanosheets.   

 

XRD patterns (data not shown) obtained on the samples studied here are identical to the ones 

reported on the best samples prepared through hydrothermal method in the literature31,35,37,64 thus 

confirming that there is no or minimal segregation/clustering of dopants. If there is a significant 

Figure II: The temperature dependent magnetic susceptibility and magnetic 
field-dependent magnetic behavior of Co doped (10%) MoS2 NCs. Inset of Fig. 
3(a) shows the applicability of modified Curie-Weiss model. 
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clustering effect, one would expect to observe high ferromagnetic TC much beyond room 

temperature65, which is clearly not the case here.  

c. Ni doped MoS2 NCs 

Temperature dependent magnetic 

susceptibility data were collected after 

the sample was field cooled at 0H = 1 

T magnetic field (Fig. 4(a)). The 

magnetization value (0.4 emu/g) 

observed in the present study is 

comparable to those reported in the 

literature on similar systems35,37,54,55. 

The modified CW model, as depicted 

in Fig. 4(a) can describe the 

temperature dependent magnetization 

behavior. The obtained θ is 3 K (see 

Table 1), which suggests that the 

material is antiferromagnetic below 3 

K.  

 

The isothermal magnetization measurements were performed on Ni doped MoS2 NCs by sweeping 

the magnetic field from -2 to +2 T at 10, 50, 10, 200 and 300 K. The data are presented in Fig. 4(b-

e). At 10 K, magnetization anhysteretic behavior as a function of magnetic field was observed, 

which indicates (canted) antiferromagnetic behavior. Interestingly, as temperature is increased 

Figure III: The temperature dependent magnetic susceptibility and magnetic 
field-dependent magnetic behavior of Ni doped (10%) MoS2 NCs. Inset of Fig. 
4(a) shows the applicability of modified Curie-Weiss model. 
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further, a hysteretic behavior with coercive field of 175 Oe appears, suggesting unambiguous 

room-temperature ferromagnetism. The saturation magnetization decreases as the measurement 

temperature increased from 10-300 K. This trend is consistent with the temperature dependent 

magnetic susceptibility data shown in Fig. 4(a). Similar to the case of Co doped MoS2 NCs, 

Brillouin function could not account for the magnetic-field dependent magnetization data observed 

at room temperature. To our knowledge, with the exception of one report66 on the catalytic 

behavior of Ni doped MoS2 nanoparticles, there have been no previous works reported on the 

magnetic properties of Ni doped MoS2 NCs, to compare our data at any doping percentage.  

 

d. Fe doped MoS2 NCs 

Like the measurements performed on Co and Ni doped MoS2 NCs, magnetization data were 

collected on Fe doped MoS2 NCs. The temperature dependent magnetic susceptibility data was 

recorded after the sample was cooled in 0H = 1 T magnetic field (see Fig. 5(a)). The magnetization 

value (0.3 emu/g) obtained in the present study from χ-T curve is comparable to that (0.25 emu/g) 

reported in the literature on 1.74% Fe doping in MoS2 nanostructures64. As displayed in Fig. 5(a), 

it was found that the modified CW model describes well the temperature dependent magnetic 

susceptibility behavior. From the fits, the θ is obtained as 3 K (see Table 1), which indicates that 

the material is antiferromagnetic below 3 K. 
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The isothermal magnetization data 

is presented in Fig. 5(b-e). At 10 K, 

similar to the previous samples, 

magnetization shows anhysteretic 

behavior with the magnetic field, 

which indicates (canted) 

antiferromagnetic behavior. 

However, at 300 K, the M-H 

behavior of this material shows a 

combination of ferromagnetic (at 

low fields) and antiferromagnetic 

behavior (at high fields). This is in 

sharp contrast with the Co and Ni 

doped samples, which show 

complete ferromagnetic behavior at room temperature. The saturation magnetization decreases as 

the measurement temperature increased from 10-300 K. This trend is consistent with the 

temperature dependent magnetic susceptibility data shown in Fig. 5(a). In addition, it has been 

verified that Brillouin function could not account for the magnetic-field dependent magnetization 

data observed at 300 K. Xia and co-authors also reported64 room temperature ferromagnetism in 

Fe doped (<3.18%) MoS2 nanosheets prepared through hydrothermal process. The interaction 

between the sulfur vacancies and the dopants is argued to be at play. A similar situation may be 

expected to happen in the present case as well. 

 

Figure IV: The temperature dependent magnetic susceptibility and magnetic 
field-dependent magnetic behavior of Fe doped (10%) MoS2 NCs. Inset of Fig. 
5(a) shows the applicability of modified Curie-Weiss model. 
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e. Mn doped MoS2 NCs 

Temperature dependent magnetic 

susceptibility and magnetic field 

dependent magnetization 

measurements were performed on Mn 

doped MoS2 NCs. As shown in Fig. 

6(a), the magnetic susceptibility 

increased as the sample temperature is 

lowered from 300 K to 10 K. More 

importantly, it was noticed that the 

magnetization (measured at 10 K, 1T) 

is about 6-times higher than that of 

pure MoS2 NCs (see Fig. 1(a)). This 

observation is the direct effect of 

doping with Mn. To gain additional 

insights into the magnetism, χ -T curve was fitted to the modified CW model comprising both 

diamagnetic and paramagnetic contributions. The highest Curie’s constant of 4×10-3 obtained from 

the χ -T curve fitting signifies the larger magnetization in comparison to the materials discussed 

above.  The fitting results are shown in Fig. 6(a) along with the experimental data. Using this 

model, the diamagnetic and paramagnetic components were resolved and obtained CW constant 

(θ) as 3 K (see Table 1), which indicates that the material is antiferromagnetic below 3 K. However, 

a much weaker ferromagnetism was observed at 300 K as reflected from the hysteretic behavior 

Figure V: The temperature dependent magnetic susceptibility and magnetic 
field-dependent magnetic behavior of Mn doped (10%) MoS2 NCs. Inset of 
Fig. 6(a) shows the applicability of modified Curie-Weiss model. 
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at low fields, and a predominant paramagnetic nature was observed at higher fields. A similar weak 

ferromagnetism was previously reported67 for Mn doped SnSe alloys prepared via molecular beam 

epitaxy methods.  Wang and co-workers reported37 room temperature ferromagnetism in Mn doped 

(7%) MoS2 NCs. Park and co-authors have reported68 a similar room temperature ferromagnetism 

from MoS2 NCs upon doping with MnO2 by electrochemical method, associated with the 

saturation magnetization of 0.02emu/g. This work not only shows that magnetic properties 

strongly depend on the nature of the dopant but also the magnetic order-disorder transition varies 

with dopant type such that Co and Ni doping produces stronger ferromagnetic behavior than Fe 

and Mn at least at 300 K.  

Now, the catalytic properties of these materials are discussed below. 

B. Electrocatalytic Properties 

It has been shown that the electrocatalyic performance of MoS2 NCs can be engineered by doping 

the active edge sites with transition metals. To study HER performance, polarization curves (see 

Fig. 7) were obtained for MoS2 NCs and the doped samples. At an overpotential (η) of 300 mV, 

the current densities for MoS2, CoMoS2, NiMoS2, FeMoS2 and MnMoS2 were found to be 2.09, 

3.00, 1.5, 4.05 mA/cm-2 and 52 uA/cm-2.  Listed from greatest to least for comparison, the reaction 

kinetics are as follows: FeMoS2 > CoMoS2 > MoS2 > NiMoS2 > MnMoS2; this was observed to 

be true for -372.8 mV ≤ η ≤ -169.6 mV. This progression is the exact same order of activity that 

was previously found by calculating the hydrogen absorption free energy (ΔGH). H. Wang et al. 

and other groups have doped different transition metals to MoS2 nanostructures similar to the 

metals we used and observed current densities that are comparable with our data69-71. The onset 

potential for our MoS2 NCs was 141 mV; this is comparable to the work done by X. Ren72. Thus, 
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the present observations are consistent with the literature reports.  

 

 

For the HER, the Tafel slope and exchange current density can provide information about the 

reaction mechanism and kinetics of the process. The Tafel slopes also indicate the rate-limiting 

step in the HER73. Essentially, the lower the Tafel slope, the faster the reaction takes place, and 

the faster hydrogen is produced. Doping with different transition metals showed a slight change in 

the Tafel slope, which is consistent with other literature reports69, 70, 74, 75.  

EIS was performed on the samples at overpotentials of 0.445, 0.5, 0.545, and 0.645 V. Figure 8 

shows the EIS measurements taken at η = 0.5 V. Smaller semicircle diameters correspond to higher 

charge transfer, higher conductivity, and thus lower charge transfer resistance (Rct). The samples 

can be ranked in order from least to greatest Rct in the following order: Fe, Co, pristine MoS2, Ni, 

Mn. Fe doped MoS2 NCs have the greatest conductivity and charge transfer ability, while Mn-

doped MoS2 NCs have the least. Another literature report performed a similar electrocatalytic 

study of TM-doped MoS2 and found the exact same progression69, with Rct increasing from Fe to 

Ni in the same order. This study (Figure 8 (b)) of Mn doped MoS2 showed poor HER performance.  

Figure VI: (a) Polarization curves, (b) Tafel plots of pristine and 10% doped (Co, Ni, Fe, and Mn) MoS2 NCs. 
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The electrocatalytic performance of CoMoS2 NCs was examined using chronoamperometry to 

determine the long-term stability of the NCs. The chronoamperometric studies were operated in a 

custom-built two-compartment gas-tight electrochemical cell under an argon atmosphere. One of 

the compartment of the cell contains the working electrode and the reference electrode while the 

other compartment contains the counter electrode. The solution (0.5 M H2SO4 in water) was 

saturated with argon gas prior to the measurement and the solution in the side of the cell containing 

the working electrode was kept stirring to remove the in-situ generated hydrogen gas. The 

experiment was conducted with an initial current density of 10 mA/cm2 along with a constant 

overpotential of η=850 mV. The current density was observed to stabilize after approximately 5 

hours, and after over 23 hours of operation, the CoMoS2 NC’s can be seen to be electrocatalytically 

active. Thus, the stability of the nanocrystals has been demonstrated through pragmatic means.  

 

 

Figure VII: (a) EIS plots for Co, Ni, Fe doped MoS2 NCs, and pristine MoS2 NCs; η = 0.5V. (b) EIS plot for Mn doped MoS2 NCs; η 
= 0.5V. 
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Interestingly, the electrochemical behavior shown in this work is in agreement with what is known 

in the literature69,76,77. The electrocatalytic activity is FeMoS2 > CoMoS2 > MoS2 > NiMoS2 > 

MnMoS2 consistent with previous works69,76,77. Since the adsorbed atomic hydrogen Gibbs free 

energy (ΔGH) is the key to the HER electrocatalytic activity of a catalyst, ΔGH closer to zero 

corresponds to higher activity. Incorporation of transition metals to MoS2 does not affect 

the ΔGH of the Mo-edge but lowers the ΔGH of S-edge, which makes the catalytic inert S-edge 

catalytic, active. Previous studies69,76,77 have shown similar effects when doping with Fe and Co 

leading to ΔGH value closer to zero in the S-edge of MoS2, which explains why these two catalysts 

exhibit the best efficiency. 

Now, why the variations in the magnetic and catalytic properties of the studied materials occur as 

a function of transition metal doping is discussed. The present work as well as the early-on 

reports78-81 showed that the transition metal elements show interesting magnetic properties as well 

as pronounced catalytic activity. From our experimental observations, we learned that the Mn 

doped MoS2 NCs showed least catalytic performance and showed predominant paramagnetism at 

room temperature. Whereas the pristine MoS2 and Co, Ni, and Fe doped MoS2 NCs showed good 

catalytic performance as well as stronger room temperature ferromagnetism. To better understand 

the relationship between the magnetism and catalytic performance, X-band ESR measurements 

were performed on all the samples at room temperature (300 K). The data is plotted in Figure 9. 

As it can be clearly noticed, Mn doped MoS2 NCs did not show signals coming from the 

catalytically active centers, except the strong signal that comes from Mn2+ only. On the other hand, 

the samples doped with Co, and Ni including undoped MoS2 NCs showed many sharp ESR signals, 

indicating the presence of larger number of catalytically active centers. Hence, we believe that Co 

doped MoS2 NCs showed superior catalytic performance compared to Mn doped MoS2 NCs. These 
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active defect centers contain unpaired electron spins due to uncoordinated and dangling bonds. 

The observed ferromagnetic behavior could have resulted from the interaction between these 

active spin centers.  

 

Furthermore, the morphology of 10% Co doped MoS2 NCs is distinctly different from that of 10% 

Mn doped MoS2 NCs, as reflected from the TEM bright field images displayed in Fig.10. The Co 

doped sample shows a flowery morphology with randomly oriented sheets of MoS2 that are only 

a few monolayers thick as indicated by the SAED pattern shown as inset. On the other hand, the 

Mn doped MoS2 showed a mixed morphology with some flowery structures, but also mixed with 

many faceted plates of well crystallized shaped MoS
2 

that are several hundred nanometers wide 

Figure VIII: X-band room temperature (300 K) ESR spectra collected from MoS2, Co, Ni, Fe, and Mn doped MoS2 
NCs 
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and the corresponding SAED pattern is shown as inset. The [111] zone axis SAED pattern indicates 

single crystalline nature of these plates with six fold symmetry.  One would expect the flowery 

shaped morphology of Co doped samples to have more surface area compared to the Mn doped 

samples, which would explain the high catalytic activity of these samples. 

 

 

 

 

 

 

 

 

Fig. x: Bright field transmission electron microscopic image of 10% Co doped MoS2 (left) and 

10% Mn doped MoS2 nanocrystals (right) 

 

Conclusions 

To conclude, the magnetic and catalytic properties of hydrothermally grown transition metal doped 

(10% of Co, Ni, Fe and Mn) MoS2 NCs associated with the particle size of 25-30 nm have been 

reported. Interestingly, the undoped MoS2 NCs showed a mixture of canted anti-ferromagnetic and 

ferromagnetic behavior. MoS2 NCs doped with Co, Ni, and Fe exhibited profound room 

temperature ferromagnetism. On the other hand, Mn doped MoS2 NCs showed room temperature 

paramagnetic nature, predominantly. For all the materials, modified CW law described the 

temperature dependent magnetic behavior, and the ground state is canted antiferromagnetic phase 

associated with uncompensated electron spins. In addition, the hydrogen evolution reaction 

performance was also studied. The present study compared the current densities (j), measured at 

10% Co doped MoS
2
 10% Mn doped MoS

2
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the overpotential of -372.8 mV ≤ η ≤ -169.6 mV, listed from greatest to least,  j(FeMoS2) = 4.05, 

j(CoMoS2) = 3.00, j(MoS2) = 2.09, j(NiMoS2) = 1.5 mA/cm2, and j(MnMoS2) = 52 uA/cm2. The 

order of overall reaction activity is obtained from Tafel slopes as CoMoS2 > MoS2 > NiMoS2 > 

FeMoS2 > MnMoS2. The electrochemical impedance spectroscopic measurements indicated that 

Fe doped MoS2 NCs have the best conductivity and charge transfer ability, while Mn-doped MoS2 

had the lowest. Co doped MoS2 NCs show best catalytic activity when compared to Mn doped 

MoS2 NCs. Most likely, it is due to the creation of more number of catalytically active centers in 

Co doped MoS2 NCs compared to Mn doped MoS2 NCs as evidenced from room temperature ESR 

measurements.  
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