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ABSTRACT 

The electrocatalytic oxygen evolution reaction (OER) is an important half reaction in various 

technologies such as metal air batteries and electrochemical water splitting. Transition metal 

chalcogenides, especially those based on Co and Ni, are emerging as promising OER catalysts, 

thanks to their high activity and low cost. However, it is still being debated whether they act as 

actual catalysts or as catalyst precursors, undergoing structural and morphological changes under 

OER conditions. To gain a better comprehension of this topic, we have developed a simple 

colloidal synthesis method for alloy nanocrystals (NCs) based on Ni, Co, S and Se with a tunable 

composition, and we studied their structural and morphological evolution during OER. We found 

that binary CoSe, ternary Ni-Co-Se and quaternary Ni-Co-S-Se NCs, with the exception of NiSe, 

each undergo structural and morphological changes under OER conditions, forming the 

corresponding oxides/hydroxides which act as the actual active catalysts. Interestingly, we 

discovered that the composition of the starting metal chalcogenide NCs plays a major role in 

dictating the crystallinity, conductivity and activity of such oxide/hydroxide materials. This 

compositional tuning resulted in a ~ 7 fold improvement in the OER activity in terms of turnover 

frequency, from CoSe to Ni0.25Co0.65S0.4Se0.6 NCs. Our results suggest that the compositional 

engineering of metal chalcogenide materials could potentially be used to control their inevitable 

transformation into the corresponding oxide/hydroxide counterparts, eventually improving their 

OER activity. 
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Introduction 

Electrochemical water splitting is becoming increasingly popular due to the global shift in 

energy production from non-renewable to renewable sources.1-5 The electrocatalytic oxygen 

evolution reaction (OER) is an important half-reaction and an indispensable part of this process.6-

9 The development of efficient, stable, cost-effective OER catalysts is therefore extremely 

important. Although precious metal oxides such as IrO2 and RuO2 are highly active and stable for 

OER, their scarcity and high costs are driving scientific research toward more abundant and 

economic materials.10-14 Over the last few decades, indeed, extensive efforts have been devoted 

to designing and synthesizing a great variety of electrocatalytic systems based on earth-abundant 

3d transition metal compounds.15-22 Among them, nickel- and cobalt-based chalcogenides have 

sparked great interest owing to their promising OER properties.15, 23-27 Some examples are Ni-

doped CoS2 nanowires,28 Co-doped NiSe nanowires,29 NiCo2S4@graphene core@shell 

nanosheets,30 Ni,Co-sulfide and Ni,Co-selenide microshperes,31 Ni-Co-S nanosheets films,32 Co-

doped NiSe2 nanoparticles films,33 and Co(SxSe1–x)2 composites.34 

Interestingly, it has been shown that the OER performances of such materials can be tuned via 

composition control, namely by modulating the Co/Ni elemental ratio in the catalyst. Liu et al. 

reported that the OER catalytic activity of NiCo2S4@graphene core@shell nanosheets was 

considerably higher than that of Ni3S4@graphene and Co3S4@graphene counterparts.30 Xia et al. 

showed that Ni-doped Co0.85Se nanotube arrays were much more efficient and durable 

electrocatalysts in alkaline media than undoped Co0.85Se.35 In a recent study by our group, we 

also found that ternary NiCoSe4 hollow microparticles exhibited an improved OER activity with 

respect to the binary CoSe2 ones.36 The improved performances observed in these cases have 

been tentatively explained by considering that the presence of both Ni and Co causes a 
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synergistic effect that can lead to the formation of more active sites with a lower activation 

energy.37-39 Unfortunately, it is still unclear what the specific role of Ni and Co is in the OER, 

and what the optimal Ni/Co ratio is in each system. For example, in some recent works on Ni-Co 

chalcogenide materials, improved OER performances have been reported both in Co-rich28, 36, 40 

and in Ni-rich compounds.29, 33 Also, as it has been documented in two recent studies, another 

interesting feature that characterizes Ni and Co chalcogenide based materials is that a synergistic 

effect may arise from the presence of both S and Se anions.34, 41 Fang et al., for example, showed 

that peapod-like Co(SxSe1−x)2 nanoparticles have higher OER and HER performances than pure 

CoS2 and CoSe2 ones.34 Moreover, Hu and co-workers recently demonstrated that the decoration 

of (NiCo)S/OH nanosheets with elemental Se can improve their OER activity.41 However, a 

complete understanding of the roles of S and Se with regard to the catalytic properties of the 

final materials is still lacking.  

Furthermore, it is still being debated whether these materials act as the actual catalysts or as 

pre-catalysts, which undergo a chemical transformation under OER conditions, thus forming 

metal oxides/hydroxides.42 For example, Nath and co-workers reported that Ni3Te2, 

FeNi2Se4 and NiSe2 do not undergo any degradation, oxidation or compositional change upon 

OER.43-45  Conversely, Chen et al. systematically investigated the structural evolution of 

different transition metal dichalcogenides (MX, M = Co, Ni, Fe; X = S, Se, Te) under OER, and 

found that they all underwent oxidation under operational conditions, forming the corresponding 

metal oxides.26 Similarly, Zhou et al. observed that Ni3S2 nanorods gradually transformed into 

hydrated nickel oxide when employed as OER catalysts.46 Also, different authors reported that 

Ni-Co-S rods, NiSe nanowires and NiCoSe4 hollow microcrystals were characterized by 

accumulated hydroxides or oxides species on their surface upon OER.36, 42, 47-48 However, it is 
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still unclear which factors control the transformation of metal chalcogenide catalysts into their 

corresponding oxide/hydroxides.  

All these recent findings have motivated us to investigate not only if optimized OER 

performances could be achieved via both a cation and anion composition tuning of Ni-Co-S-Se 

catalysts, but also what the specific roles of the Ni, Co, S and Se elements are. As no quaternary 

Ni-Co-S-Se NC systems have been reported to date, we first developed a new colloidal synthesis, 

which allowed us to produce binary NiSe and CoSe, ternary Ni-Co-Se and even quaternary Ni-

Co-S-Se NCs which had the same crystal structure and comparable particle sizes (see Scheme 1).  

 

Scheme 1. Sketch of the colloidal synthesis of ternary Ni-Co-Se and quaternary Ni-Co-S-Se 

alloy NCs having the same hexagonal crystal structure. 

 

Then, we systematically studied the OER catalytic properties and transformations of such NCs 

during OER under alkaline conditions. Our findings revealed that Ni and Co based chalcogenide 

NCs, under OER conditions, completely transform into Co and/or Ni oxide/hydroxide materials, 

which are the actual active catalysts. It is of particular importance that the activity of such 

materials strongly depends on the composition of the starting chalcogenide NCs. According to 



 6 

our findings, NiSe NCs had a poor activity since they did not form any Ni oxide or hydroxide 

species during the OER. CoSe NCs, on the other hand, completely transformed into active 

amorphous CoOx and Co(OH)x materials. Ternary Ni-Co-Se NCs, upon OER, turned into 

amorphous Ni-Co oxides/hydroxides, which exhibited a higher catalytic activity than that of the 

Co oxides/hydroxides. Eventually, the insertion of S into Ni-Co-Se NCs, leading to Ni-Co-S-Se 

NCs, resulted in the formation of small Ni-Co oxide NCs (~1-2 nm in diameter) and Co(OH)2 

nanosheets (NSs) under OER conditions, and these had a higher activity than the ternary Ni-Co-

Se NCs. We found that Ni0.25Co0.65S0.4Se0.6 was the optimal stoichiometry with regards to 

maximizing the final OER activity, with an onset potential of 262 mV and a OER current density 

of 10 mA/cm2 at an overpotential of 358 mV. The TOF of that sample was measured to be 24.84 

×10-3 s-1 at an overpotential of 350 mV, which was ~7 times higher than that of the binary CoSe 

NCs. 

Experimental section 

Chemicals. Nickel(II) acetylacetonate [Ni(acac)2, 95%], colbalt(II) acetylacetonate [Co(acac)2, 

99.99%], 1-Dodecanethiol (DDT, 98%), 1-Octadecene (ODE, 90%), oleylamine (OAm, 70%), 

ethanol (99.9%), toluene (99.7%), potassium hydroxide (KOH, 86%) and fluorine doped tin 

oxide (FTO) coated glass slides were purchased from Sigma-Aldrich. Selenium powder 

(99.99%) was purchased from Strem Chemicals. All the chemicals were used without any further 

purification. 

Preparation of the Se Precursor. 8 mmol of Se powder was mixed with 24 mL of OAm in a 

3-neck flask, and the resulting mixture was degassed under vacuum at 120 °C for 1 h. The 

system was slowly heated up to 230 °C for 3 h in an argon atmosphere until the solution became 
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transparent with an orange color. Eventually, the OAm-Se precursor solution was transferred to a 

glass vial and stored in an N2 filled glovebox for further use. 

Synthesis of Ni-Co-S-Se NCs. In a typical synthesis of Ni-Co-Se NCs, a desired amount of 

Ni(acac)2 and Co(acac)2 precursors (see Table 1 for details) was mixed with 10 mL of ODE in 

a3-neck flask and dried under vacuum for 1 h at 120 °C. Subsequently, 3 mL of the as-prepared 

OAm-Se solution (1 mmol of Se) was injected in an Ar atmosphere and the temperature was 

increased to 250 °C. After 5 min, the reaction mixture was immediately cooled down and 

quenched with toluene. The resulting NCs were washed twice by precipitation upon addition of 

ethanol followed by re-dispersion in toluene. Finally, the resulting black dispersion was stored in 

an N2 filled glovebox for further use. In order to prepare quaternary Ni-Co-S-Se NCs, a certain 

amount of an S precursor (DDT) was injected just before the OAm-Se solution (see Table 1 for 

details). In this case, longer reaction times were required (see Table1).  

 

Table 1. Synthetic parameters used for the synthesis of binary NiSe and CoSe, ternary Ni-Co-Se 

and quaternary Ni0.25Co0.75S1-xSex NCs. The composition of the samples was measured by 

Inductively Coupled Plasma elemental analysis. 

Sample Ni(acac)2 

(mmol) 

Co(acac)2 

(mmol) 

DDT 

(mL) 

Reaction 

time 

(min) 

CoSe 0 1 0 5 

Ni0.3Co0.74Se 0.25 0.75 0 5 

Ni0.52Co0.56Se 0.4 0.6 0 5 

Ni0.78Co0.28Se 0.7 0.3 0 5 

NiSe 1 0 0 5 

Ni0.3Co0.73S0.2Se0.8 0.25 0.75 0.05 15 

Ni0.25Co0.65S0.4Se0.6 0.25 0.75 0.1 60 
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Transmission Electron Microscopy (TEM) measurements. The samples were prepared by 

dropping dilute solutions of NCs onto carbon film-coated 200 mesh copper grids for low-

resolution TEM and ultrathin carbon/holey carbon coated 400 mesh copper grids for high 

resolution TEM (HRTEM). Low-resolution TEM measurements were carried out on a JEOL-

1100 transmission electron microscope operating at an acceleration voltage of 100 kV. For 

HRTEM, selected area electron diffraction (SAED) analyses and energy dispersive spectroscopy 

(EDS) were performed on a JEOL JEM-2200FS microscope equipped with a Schottky emitter 

operating at 200 kV, a CEOS spherical aberration corrector for the objective lens, an in-column 

energy filter (Omega-type), and a Bruker Quantax 400 EDS system with an XFlash 5060 

detector. 

X-ray diffraction (XRD). XRD patterns were obtained using a PANalytical Empyrean X-ray 

diffractometer equipped with a 1.8 kW Cu Kα ceramic X-ray tube and a PIXcel3D 2×2 area 

detector operating at 45 kV and 40 mA. The diffraction patterns were collected in air at room 

temperature using Parallel-Beam (PB) geometry and symmetric reflection mode. All XRD 

samples were prepared by drop casting a concentrated solution on a zero-background quartz 

substrate. XRD patterns were processed by HighScore 4.1 software from PANalytical and they 

were compared to the powder diffraction database from the inorganic crystal structure database 

(ICSD). 

X-ray Photoelectron Spectroscopy (XPS). XPS analyses were obtained on samples before 

and after OER, using a Kratos Axis UltraDLD spectrometer equipped with monochromatic Al Kα 

source operated at 15 kV and 20 mA. Survey scan analyses were carried out with an analysis 

area of 300 x 700 microns and a pass energy of 160 eV. High resolution analyses were carried 

out with and the same analysis area and a pass energy of 20 eV. The Kratos charge neutralizer 
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system was used on all specimens. Spectra have been charge corrected to the main line of the 

carbon 1s spectrum (adventitious carbon) set to 284.8 eV. Spectra were analysed using CasaXPS 

software (version 2.3.17). 

Elemental Analysis. This was carried out via Inductively Coupled Plasma Optical Emission 

Spectroscopy (ICP-OES) using an iCAP 6500 Thermo spectrometer. All chemical analyses 

performed by ICP-OES were affected by a systematic error of about 5%. Samples were dissolved 

in HCl/HNO3 3:1 (v/v) for the analysis. 

Electrochemical Measurements. The NCs that had been dispersed in toluene could be 

directly used as an ink to coat FTO substrates, without using any additives or binders. The 

electrodes were prepared by drop casting a solution containing 0.1 mg of NCs on 1 cm2 FTO 

substrates and drying them in air. An IVIUM Compactstat was used for all the measurements. 

The electrochemical analysis was performed in a three-electrode system with an Ag/AgCl (3M 

NaCl) reference electrode, a Pt wire counter electrode and the NC coated FTO glasses as 

working electrodes. OER polarization curves were obtained in 1 M of KOH solution at a scan 

rate of 1 mV/s by linear sweep voltammetry (LSV). Scans were repeated until reproducible 

curves were observed. All the potentials were measured versus Ag/AgCl (3M NaCl) and 

converted to the reversible hydrogen electrode (RHE) potential scale using the following 

formula:  

ERHE = EAg/AgCl + 0.197 + 0.059*pH.  

To compare the catalytic activity of the different catalysts as accurately as possible, the 

polarization curves were corrected for ohmic losses throughout the system by using Iviumsoft to 

get the final iR-corrected data. The impedance spectra of the electrodes were measured at open 
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circuit potentials in a frequency range from 0.1 Hz to 10000 Hz at a sinusoidal amplitude of 5 

mV.  

TOF calculations: The TOF was calculated using following formula 

TOF = 
𝑗𝑆

4𝐹𝑛
 

in which,  j is the measured current density (mA/cm2), S is the geometric surface area of the 

FTO electrode, F is Faraday’s constant (96485.3 C/mol), and n is the moles of the metal atom 

(Ni+Co) in the loaded catalysts. The number 4 in the TOF calculation means 4 electron transfers 

per O2 molecule evolution 

Results and discussion 

We first synthesized binary and ternary Ni-Co-Se NCs with CoSe, Ni0.3Co0.74Se, 

Ni0.52Co0.56Se, Ni0.78Co0.28Se and NiSe compositions, as was revealed by our ICP elemental 

analysis (see Table 1). The TEM images of the samples, which are reported in Figure 1, 

indicated that the size of the NCs was around 10 nm in all cases except for NiSe NCs, which 

exhibited a mean diameter of 25 nm. Our XRD analysis revealed that all the NC products had the 

same hexagonal crystal structure, with no presence of secondary phases (see Figure 1f). In more 

detail, the XRD patterns of both NiSe and CoSe NCs well matched those of bulk hexagonal NiSe 

(ICSD number 29310) and CoSe (ICSD number 53959), respectively, while the reflections that 

were observed for Ni-Co-Se NCs were systematically located between those of the CoSe and 

NiSe hexagonal structures, suggesting the formation of alloyed NCs (see Figure 1f): the increase 

in the Ni content in Ni-Co-Se NCs led to a shift of the XRD peaks toward lower 2-theta values, 

indicating an expansion of the lattice parameters. This is in agreement with the larger unit cell of 

hexagonal NiSe (a=3.66 Å, c=5.33 Å) compared to that of CoSe (a=3.594 Å, c=5.277 Å).  
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Figure 1. (a-e) TEM images and (f) XRD patterns of (a) CoSe, (b) Ni0.3Co0.74Se, (c) 

Ni0.52Co0.56Se, (d) Ni0.78Co0.28Se and (e) NiSe NCs. The scale bar in each panel is 50 nm. (f) The 

bulk reflections of hexagonal NiSe (ICSD number 29310) and CoSe (ICSD number 53959) are 

also reported by means of light blue and black bars, respectively. 
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The synthesized NCs were deposited on FTO substrates and their electrocatalytic OER 

properties were evaluated (see the Experimental Section for details). The resulting polarization 

curves are reported in Figure 2a. It is evident that the onset potentials for the OER heavily 

depend on the composition of the NCs. In particular, NiSe NCs exhibited the highest onset 

potential, which systematically decreased when the amount of Co increased, reaching the lowest 

value of 272 mV in the Ni0,3Co0,74Se composition (see Figure 2a, red curve). This value then 

raised to 317 mV in the samples with no Ni, i.e. in the CoSe NCs (see Figure 2a, black curve). In 

order to elucidate the underlying OER mechanism, the obtained LSV plots were fitted using the 

Tafel equation.27, 49 From the Tafel plots, which are reported in Figure 2b, the Tafel slopes for 

CoSe and Ni0.3Co0.74Se were calculated to be ~67 and ~76 mV/dec, respectively, indicating that 

Ni0.3Co0.74Se NCs have slightly slower OER kinetics than CoSe NCs. The Tafel slopes of the 

Ni0.52Co0.56Se, Ni0.78Co0.28Se and NiSe samples were ~83, ~184 and ~286 mV/dec, respectively, 

i.e. they had slower OER kinetics than the Ni0.3Co0.74Se and CoSe samples (see Table2). It is 

worth to highlight here that since LSV measurements were conducted at a very low scan rate (1 

mV/s), any capacitive contribution to the measured OER currents should be minimal. The 

specific activity of the catalysts was evaluated by TOF calculation, which refers to the rate of O2 

molecules that evolved per metal atom per second. Figure 2c and Table 2 demonstrate that the 

TOF improved up to three times upon the optimization of the ternary Ni-Co-Se NCs’ 

composition. The CVs of samples measured at a sweep rate of 10 mV/s are provided in Figure 

S4a of the SI to better explain the observed improvements in the OER. It can be seen that the 

best performing sample shows the largest pseudocapacitive peaks, indicating the increase of the 

electrochemically active surface area of the catalyst. On the other hand, the NiSe NCs did not 
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show any pseudocapacitive peak in the same range, indicating that no formation of Ni oxide 

species took place, thus explaining the observed poor performance of NiSe NCs in the OER.21 
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Figure 2. (a) LSVs measured at a sweep rate of 1 mV/s, (b) Tafel plots and (c) TOF values at η = 

0.35 V of binary and ternary Ni-Co-Se NCs.  

Table 2.Various electrochemical parameters of Ni-Co-Se-FTO electrodes.  

Sample Onset 

potential 

(mV) 

η/mV at 

j = 10 

mA/cm2 

Tafel 

slope 

(mV/dec) 

Rs 

(Ω)/cm2 

TOF  

( × 10-3 

s-1) 

CoSe 317 425 67 12.9 3.46 

Ni0.3Co0.74Se 277 397 76 11.2 10.09 

Ni0.52Co0.56Se 383 520 83 14.2 0.45 

Ni0.78Co0.28Se 504 - 184 14.8 0.23 

NiSe 507 - 286 16.4 0.04 

 

Furthermore, our impedance spectroscopy analyses indicated that the series resistance (Rs) of 

the samples decreased from 12.9 Ω for CoSe NCs to 11.2 Ω for Ni0.3Co0.74Se NCs, before rising 

again at higher Ni contents (see Table 2). Since all other parameters were kept constant in all 

cases, the observed Rs of the systems could be considered to be directly related to the electrical 

conductivity of the NCs. Thus, we concluded that the incorporation of an optimal amount of Ni 

in CoSe NCs (reaching a Ni/Co ratio of 1/2.4) led not only to an increase in the overall electrical 

conductivity of the sample, but also to a decrease of the onset potential for the OER. These 

results are in line with the study of Bates et al., in which they observed improvements in the 

OER properties when going from Ni-oxide to Ni,Co-oxide catalysts, most likely as a 

consequence of the better electrical conductivity of the latter.20, 50-51  

In order to better understand the composition and the structure of the actual active catalyst, we 

also carried out XRD and ICP elemental analyses of representative CoSe, Ni0.3Co0.74Se and NiSe 
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NC samples after performing the OER. The XRD patterns of the cycled CoSe and Ni0.3Co0.74Se 

NCs exhibited no diffraction peaks, apart from those which were related to the substrate, while 

the NiSe NCs retained their hexagonal structure (see Figure 3c). These results were consistent 

with what was observed during ICP elemental analysis: after the OER, NiSe NCs preserved their 

original stoichiometry, whereas no residual Se was found in the CoSe and Ni0.3Co0.74Se samples, 

in which Co and/or Ni were the only elements detected. It should be noted that we measured the 

Ni/Co ratio of the Ni0.3Co0.74Se NCs before and after the OER, and it was found to be constant. 

To have a better understanding of the chemical, structural and morphological evolution of the 

Ni0.3Co0.74Se NC upon OER, we also performed XPS and HRTEM analyses. TEM micrographs 

of the starting Ni0.3Co0.74Se sample indicated that the as synthesized NCs are monocrystalline 

and they exhibit the expected hexagonal crystal structure, as revealed by XRD (see Figure 3b,c 

and Figure S1 of the SI). Moreover, the STEM-EDS elemental mapping revealed a uniform 

distribution of Ni, Co and Se elements in the NCs (Figure 3c). However, a profound restructuring 

of the NCs was observed after the OER: the HRTEM analyses evidenced the presence of a major 

fraction of amorphous Ni, Co- based nanoparticles and a minor fraction of NCs whose crystal 

structure could be ascribed either to cubic CoO or NiO (ICSD numbers 9865 and 9866, 

respectively), as these two structures have similar lattice parameters (see Figure 3d,e and Figure 

S2 of the SI). Furthermore, STEM-EDS elemental mapping revealed that these particles only 

contained Ni, Co and O (with a Ni/Co ratio of 1/2.4), but no Se, confirming what had already 

been measured by ICP (see Figure 3fand Figure S9 of the SI). XPS analyses of ternary NCs 

before and after OER further confirmed our findings: while the Se signal disappeared upon OER, 

the position of the Ni and Co peaks shifted to higher binding energies, suggesting the evolution 

of the catalyst from Ni-Co-Se to Ni-Co oxide/hydroxide materials (see Figure S10 of the SI).  
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These results are in agreement with those reported by different groups, who observed the 

transformation of MX nanostructures (MX, M = Co, Ni, Fe; X = S, Se, Te) into the 

corresponding metal oxides/hydroxides upon OER in alkaline conditions.42, 46-48 The oxidation 

process, at the same time, was shown to affect the chalcogen anions, which are released from the 

starting nanostructures in the form of SeOx or SOx species.26, 42, 48, 52-53 In order to study the fate 

of organic ligands we performed a Fourier transform infrared spectroscopy study on a Ni-Co-Se 

NC film before and after five CVs of OER (see Figure S11 of the SI for details). What we 

observed is that the native ligands (i.e. oleylamine) were present on our catalyst even after OER. 

This finding suggests that oleylamine molecules, which are not soluble in the electrolyte, most 

likely bind to Ni and Co oxide/hydroxide species that form upon the transformation of native Ni-

Co-Se NCs.  
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Figure 3. (a) HRTEM image of Ni0.3Co0.74SeNCs before OER, exhibiting the expected 

hexagonal CoSe crystal structure and characterized by the absence of crystal defects. (b) EDS 

elemental mapping of a group of Ni0.3Co0.74SeNCs. (c) XRD patterns of CoSe, Ni0.3Co0.74Se and 

NiSe NCs on FTO substrates after OER. (d) TEM image and (e) HRTEM image of 

Ni0.3Co0.74SeNCs after OER, showing the presence of both amorphous particles and a small 

fraction of tiny CoO or NiO NCs. (f) EDS elemental mapping of Ni0.3Co0.74Se NCs after OER. 
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Overall, our findings indicate that Ni-Co-Se NCs underwent a phase transformation under 

OER conditions, releasing Se anions and forming mainly amorphous Ni-Co oxide/hydroxide 

species, which were the actual catalytic materials.22, 31, 42, 46-48, 54-58 The OER performance of such 

species depended on their relative composition: an optimal Ni/Co ratio was the key parameter 

not only to increasing the conductivity and the number of active sites of the final material, but 

also to lowering its onset potential. However, the NiSe NCs did not undergo any phase changes 

and they retained their crystal structure under OER conditions. In this case, differently from what 

observed by other groups, no active Ni oxide/hydroxide species were found, explaining the poor 

performance of our NiSe NCs in the OER.42, 48, 55, 59 

Quaternary Alloy NC Systems 

We further synthesized quaternary Ni-Co-S-Se NCs in order to investigate the effects of the 

presence of sulfur on the final OER performance of such compounds. While keeping the Ni/Co 

ratio fixed to 1/2.4, which was found to optimize the catalytic activity of Ni-Co-Se NCs, we 

synthesized quaternary Ni0.3Co0.73S0.2Se0.8 and Ni0.25Co0.65S0.4Se0.6 NCs by using the same 

colloidal procedure but varying the relative amount of S and Se precursors (see the Experimental 

Section and Table 1). The produced NCs had a mean size of 10 nm, as was determined by TEM 

analysis (see Figure 1b), and the same hexagonal crystal structure as the binary and ternary Ni-

Co-Se NCs (see Figure 4c). A systematic shift of the XRD peaks toward larger 2-theta values 

was observed when the relative amount of S inside the NCs was increased. This is consistent 

with the ionic radius of S, which is smaller than that of Se, suggesting the formation of alloyed 

structures. It is important to underline here that a further inclusion of S inside the alloy NCs, 

above the Ni0.25Co0.65S0.4Se0.6 composition, led to quaternary NCs having a cubic structure (see 

Figure S2 of the SI). However, these samples were excluded from our study since our final goal 
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was to compare the catalytic properties of NC systems with different compositions but having 

the same crystal structure. 
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Figure 4. Low resolution TEM images of (a) Ni0.3Co0.73S0.2Se0.8 and (b) Ni0.25Co0.65S0.4Se0.6NCs. 

The scale bar is 50 nm. (c) XRD patterns of Ni0.3Co0.74Se, Ni0.3Co0.73S0.2Se0.8 and 

Ni0.25Co0.65S0.4Se0.6 NCs. The pattern of Ni0.3Co0.74Se NCs is also reported for a better 

comparison. 

The electrocatalytic OER properties of quaternary alloy NCs were evaluated by LSV, and the 

corresponding polarization curves are shown in Figure 5a. It is evident that the introduction of S 

inside the ternary Ni-Co-Se NCs resulted in an improved OER activity. The electrodes that were 

composed of Ni0.3Co0.73S0.2Se0.8 and Ni0.25Co0.65S0.4Se0.6 NCs exhibited a high activity for OER, 

with an onset overpotential of about 272 mV and 262 mV, respectively (see Table 3). The Tafel 

slopes of the Ni0.3Co0.73S0.2Se0.8 (64 mV/dec) and Ni0.25Co0.65S0.4Se0.6 (64 mV/dec) NCs were 

lower than that of the Ni0,3Co0,74Se (76 mV/dec) NCs, suggesting that the quaternary systems had 

faster OER kinetics (see Figure 5b). Furthermore, the calculated TOF (Figure 5c) of the 

Ni0.25Co0.65S0.4Se0.6 NCs at an overpotential of 0.35 V was more than twice that of the 

Ni0,3Co0,74Se NCs. In addition, the impedance analysis showed that the Rs of the 

Ni0.3Co0.73S0.2Se0.8 (8.9 Ω) and Ni0.25Co0.65S0.4Se0.6 (7.4 Ω) NCs were much smaller than that of 

the Ni0,3Co0,74Se NCs (11.2 Ω), further supporting that quaternary systems are characterized by a 

faster charge transfer (see Table 3). These results confirmed thatNi0.25Co0.65S0.4Se0.6 NCs had the 

highest intrinsic catalytic activity among all the reported samples, and further stability tests 

revealed that they also have a stable OER performance (see Figure S3 of the SI). 
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Figure 5. (a) LSVs measured at a sweep rate of  1 mV/s, (b) Tafel plots and (c) TOF values at η 

= 0.35 V of ternary and quaternary Ni-Co-S-Se NCs with various compositions. 
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Table 3. Summary of electrochemical OER parameters of quaternary Ni-Co-S-Se NC catalysts. 

Sample Onset 

potential 

(mV) 

η/mV at 

j = 10 

mA/cm2 

Tafel 

slope 

(mV/dec) 

Rs 

(Ω)/cm2 

TOF  

(×10-3 s-1) 

Ni0.3Co0.74Se 277 397 76 11.2 10.05 

Ni0.3Co0.73S0.2Se0.8 272 373 64 8.9 15.88 

Ni0.25Co0.65S0.4Se0.6 262 358 64 7.4 24.84 

 

To further elucidate the reasons underlying the better OER performance of Ni0.25Co0.65S0.4Se0.6 

NCs, polarization curves of all the samples were also collected between 1.0 and 2.0 V versus 

RHE at a scan rate of 10 mVs-1. As shown in Figure S4b, the CVs of all the samples were 

characterized by one broad anodic peak in the range of 1.2-1.4 V (versus RHE). As mentioned 

above in the discussion of the ternary Ni-Co-Se samples, the presence of this single peak stands 

for the oxidation of NiII to NiIII or NiIV.The increase in the intensity of this redox peak when 

going from Ni0,3Co0,74Se to Ni0.25Co0.65S0.4Se0.6 NCs suggested that quaternary NC samples are 

characterized by a higher amount of NiII sites which can undergo a reversible redox reaction to 

NiIII or NiIV. These sites might act as catalytically active sites, which would explain the superior 

electrocatalytic performance of our quaternary samples.60-61 

HRTEM studies were carried out on Ni0.25Co0.65S0.4Se0.6 NCs before and after OER so that the 

chemical and structural evolution of the NCs could be further studied. Before OER, the NCs 

were found to have the expected hexagonal crystal structure and a homogeneous distribution of 

the four elements, with a mean composition of Ni0.3Co0.63S0.4Se0.6, which is in agreement with 

ICP results (see Figure 6a, c and Figure S5 of the SI). Interestingly, our HRTEM analysis also 

revealed that quaternary NCs were characterized by a large amount of crystal defects including 

steps (see Figure 6c), twin boundaries (see Figure 6b, d, e) and stacking faults (see Figure 6e, 



 23 

and see Figure S6 of the SI for more examples). The formation of these defects is tentatively 

explained by the presence of S anions on the Ni-Co-Se hexagonal lattice, which could induce a 

compressive strain, since the ionic radius of S is smaller than that of Se (184pm compared to 

198pm). However, a large number of small NiO or CoO NCs, amorphous Ni, Co 

oxide/hydroxide nanoparticles and Co(OH)2 ultrathin nanosheets were detected after the OER by 

HRTEM analysis (see Figure 6i, j, Figure S7 of the SI). Indeed, the STEM-EDS elemental 

mapping of the final sample confirmed the presence of Ni, Co and O elements, but there were 

almost no traces of S and Se (the ratio of (S+Se)/(Ni+Co) was 5.3%). Such findings were also 

supported by the XRD and XPS analyses of the Ni0.25Co0.65S0.4Se0.6NC sample after the OER, 

which revealed the presence of a fraction of crystalline Co(OH)2 (ICSD number 53994) (see 

Figure S8 of the SI). XPS analyses of quaternary NCs before and after OER, also in this case 

corroborated our findings: while the S and Se signals disappeared upon OER, the position of Ni 

and Co peaks shifted to higher binding energies, suggesting the evolution of the catalyst from Ni-

Co-Se-S to Ni-Co oxide/hydroxide species (see Figure S10 of the SI). We believe that the 

preferential formation of such crystalline oxide/hydroxide nanoparticles could be directly 

correlated to the presence of crystal defects in the parent Ni0.25Co0.65S0.4Se0.6 NCs, which might 

act as preferential nucleation sites.  
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Figure 6. (a) HAADF-STEM image, (b-e) HRTEM images and (f) EDS elemental mapping of 

Ni0.25Co0.65S0.4Se0.6 NCs before OER. The NCs exhibit the expected hexagonal structure (ICSD 

number 53959) and they are characterized by a rich presence of defects. (g) TEM micrograph, 

(h) HRTEM image of Ni0.25Co0.65S0.4Se0.6NCs after OER. (i,j) Two regions of panel (h) are 

magnified to show the lattice fringes of the oxide NCs, which matching either NiO (ICSD 

number 9866) or CoO (ICSD number 9865). (k) EDS elemental mapping of Ni0.25Co0.65S0.4Se0.6 

NCs after OER. 
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Overall, our findings indicated that both ternary and quaternary Ni-Co-S-Se NCs undergo 

oxidation upon OER and transform in situ into Ni, Co oxide/hydroxide materials. Ternary 

samples were found to form active amorphous compounds, while quaternary NCs transformed 

mostly into small NiO/CoO NCs and ultrathin Co(OH)2 nanosheets. Thus, we ascribe the 

superior OER performance of Ni-Co-S-Se NCs to the crystalline species which were 

experimentally found to promote the catalytic activity of the final catalyst.62 It is also important 

to highlight here that our electrochemical results have been obtained using Pt counter electrodes 

in the experimental setup. Our ICP, STEM-EDS and XPS elemental analyses performed on both 

ternary and quaternary compounds before and after OER indicated the absence of Pt in both the 

catalyst and the electrolyte, excluding any influence of Pt on the catalytic properties and on the 

transformations of the NCs (see Figure S9 and S10 of the SI). 

Conclusions 

In conclusion, we have developed a colloidal synthesis method to produce binary NiSe, CoSe, 

ternary Ni-Co-Se, and quaternary Ni-Co-S-Se NCs with controllable compositions and identical 

hexagonal crystal structures. We studied, in detail, variations in the OER catalytic activity of 

these NC systems as a function of their composition. We observed that, under OER conditions, 

both ternary Ni-Co-Se and quaternary Ni-Co-S-Se NCs NC samples underwent a complete 

chemical transformation, losing the chalcogen anions and forming Ni, Co oxides/hydroxide 

compounds, which are the actual catalytic species for OER. While the oxidation of metal 

chalcogenides upon OER has been reported by different authors, not much is known on how the 

composition and the structure of starting materials affect this process and the properties of the 

resulting active compounds. What we found is that the crystallinity and activity of the 

oxide/hydroxide products are strongly dependent on the composition of the starting NCs. 
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In more detail, when working with Ni-Co-Se NCs, amorphous Ni, Co oxides/hydroxide 

nanoparticles were mainly produced. Interestingly, the activity of such species was found to be 

optimal at a Ni/Co ratio of 1/2.4. The addition of S to the ternary compounds, thus forming 

quaternary alloy Ni-Co-S-Se NCs, led to a systematic improvement in the final OER activity. We 

found that the presence of S resulted in the formation of crystal defects inside the alloy NCs. 

Such defects, in turn, acted as preferential nucleation sites for the formation of small NiO-CoO 

NCs and ultrathin Co(OH)2 nanosheets during the OER, and these species/compouds are 

believed to have promoted the final OER performance of the catalyst.  

Our work highlights that a deep characterization of the catalytic materials upon OER is of 

fundamental importance in order to understand their evolution under operational conditions. 

Indeed, we have proved here that the chemical and structural properties of the active species 

which form in-situ strongly depend on the composition and the crystal phase of the starting 

catalytic material. 
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