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Abstract: To overcome the limited potency of energy devices such as alkaline water 

electrolyzers, the construction of active materials with dramatically enhanced oxygen evolution 

reaction (OER) performance is of great importance. Herein we developed an ion diffusion-

induced doping strategy that is capable of producing Ni2+/Co2+ doped two-dimensional (2D) 

Au-Fe7S8 nanoplatelets (NPLs) with exceptionally high oxygen evolution reaction (OER) 

activity outperforming the benchmark RuO2 catalyst. The co-existence of Co and Ni in Au-

Fe7S8 NPLs led to the lowest OER overpotential of 243 mV at 10 mA cm-2 and fast kinetics 

with Tafel slope of 43 mV dec-1. Density functional theory (DFT) calculations demonstrated 

that Ni2+/Co2+ doping improves the binding of OOH species on the {001} surfaces of Au-Fe7S8 

NPLs and lowers the Gibbs free energy of the OER process, which are beneficial to outstanding 

OER activity of the nanoplatelets.  
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1. Introduction 

        Electrocatalytic water splitting is an efficient way to convert the renewable electrical 

energy into chemical fuel in the form of hydrogen and oxygen by means of hydrogen evolution 

reaction (HER) and oxygen evolution reaction (OER).[1-3] This process, which embodies two 

half reactions occurring at cathode and anode respectively, holds special significance due to its 
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ability to generate renewable energy for energy conversion and storage devices. The OER 

process, as compared to the HER, is restrained to a much greater extent by the slow kinetics, 

leading to a thermodynamic “up-hill”.[4-7] In this regard, the access to stable and efficient 

electrocatalysts which can boost the kinetics and reduce the overpotential is of utmost 

importance. In light of the aforementioned issues, the formation, understanding and exploration 

of unique catalysts with well-defined structure and supreme performance in OER have become 

a hot pursuit.[8-12]   

        As emerging nanostructures with superior conductivity, transition metal chalcogenides 

have been in spot-light from last decade for energy-related reactions due to the relatively lower 

activation energy for the transfer of electron between cations.[13-19] Besides this, the presence of 

cations with multiple valencies imparts transition metal sulfides with desirable electrochemical 

features towards OER.[20, 21] This has been mainly ascribed to the ease in their compositional 

tuning for regulating the electronic and structural properties by means of doping and 

substitution. The elements of nickle and cobalt are just next to iron and they have similar radii 

while locating in the same row of the periodic table of elements. Doping Ni2+ and/or Co2+ could 

not only increase the composition diversity of iron compounds, but also improve their catalytic 

activities through modifying the electronic structures of the host materials using the dopants. A 

number of recent reports have suggested the significantly enhanced OER performance by 

employing binary and ternary nickel-iron-cobalt (Ni-Fe-Co) based electrocatalysts. For 

instance, loading of Fe3O4 into the Co9S8 NPs to produce Fe3O4@Co9S8/rGO-2[22] 

heterostructure leads to the increase in OER performance with an overpotential of 340 mV. 

This was credited to the ease in breaking the Co-O bond by virtue of electron transfer from Fe 

to Co9S8. Similarly, Zhan et al. [23] recently reported nanoarrays of sea-urchin like Fe doped 

FeNiCoP structure with an overpotential of 259 mV for OER, ascribed to synergistic effect and 

fast electron kinetics. Other examples include NiFeS2
[24], CoFeSP/CNT[25], P-(Ni,Fe)3S2/NF[26] 

nanostructures and so on. In spite of their improved performance, some of these reported 
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structures lag behind in terms of well-defined morphology while others in novel integration of 

Fe, Co and Ni chalcogenides in one system. Some additional challenges involve complex 

synthesis approach, big dimensions and obscurity around underpinning the exact mechanism 

for improved OER performance in Fe, Co and Ni hybrid catalyst.[27]  

        Multiple methods are available for the synthesis of hybridized structures of Fe, Co and Ni 

sulfides with an impressive variety in shapes and sizes on the grounds of their adjacent position 

in the periodic table.[10, 27-31] Among other doping methods, post-synthetic ion diffusion stands 

out the most.[32] Chen et al.[33] have reported this mechanism as a two-step process which begins 

with surface adsorption followed by lattice incorporation. By using performed host nanocrystals 

(NCs) all of the follow-up change in its properties can be entirely assigned to the dopant atoms 

which would be otherwise very complicated, if introduced during synthesis, to differentiate 

between the influence of dopant and its precursor on the host NCs.[34] It is noteworthy that the 

synergistic interaction of dopant atoms with the host material can switch p-type carriers of Fe 

into n-type by slightly altered electronic properties of Co[7, 33-37] and introduce sub-energy bands 

which in effect reduces the bandgap and henceforth overpotential.[8, 32, 38-40] In addition to the 

aforementioned reason, morphology and dimension of the final structure is also considered as 

one of the major factors in lowering the onset potentials for electrocatalytic water oxidation 

because of its direct link with stability, large surface area and availability of enough space for 

the diffusion of electroactive species.[29, 37-40]  

        However, as mentioned above, the intrinsic and extrinsic catalytic mechanisms in regards 

to the involved active sites are still under debate and are not well understood.[8, 9, 25, 26, 28-30] For 

instance, several studies claim that in Fe-Ni based catalysts, FeIII acts as a Lewis acid and 

facilitates the formation of NiIV and CoIII which in turn act as the active sites.[37, 41] Other studies 

provided different perspectives that Ni/Co merely acts as conductive support to Fe active sites 

during OER or Fe and Ni/Co works collectively to boost the overall catalytic performance 

which essentially means that FeIV is as equally contributing as NiIV towards the OER process.[37, 
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41-43] Further studies to elucidate how the addition of Ni/Co can enhance the performance of the 

catalysts and to reveal the underpinned mechanisms are highly desirable.  

         Semiconductor nanoplatelets are a type of intriguing materials that have attracted 

tremendous attention. They have giant oscillation strength and the charge carriers of 

nanoplatelets are generally confinement along their thickness direction,[44] thus providing an 

ideal model to couple the experimental and theoretical investigations on structure – 

performance relationship of nanomaterials. Nanoplatelets with such a unique shape offer more 

access to the active sites anchored on their surfaces and therefore maximizing the number of 

catalytic sites and areal density.  Intrigued by these rationales, herein, we have selected two-

dimensional (2D) Au-Fe7S8 nanoplatelets (NPLs) [45] as a host material which has valence states 

of both FeII and FeIII for the synthesis of bi and trimetallic systems i.e. Ni2+or Co2+ monodoped 

and Ni2+/Co2+ co-doped systems and used Ni-doped, Co-doped, and Ni/Co-codoped Au-Fe7S8 

nanoplatelets as the electrocatalysts for OER (Scheme 1). This particular form of iron sulfide, 

Fe7S8, offers an advantage of providing mixed valence states and crystal defects which are 

believed to originate from sulfur vacancies.[8] A facile approach of ion diffusion was developed 

to prepare Co and Ni doped Au-Fe7S8 NPLs while still retaining its 2D hexagonal morphology 

(Scheme 1). To investigate the effect of multimetals towards electrocatalysis, Co and Ni 

dopants were introduced both individually and collectively to develop three different 

heterostructures i.e. Au-Co/Fe7S8, Au-Ni/Fe7S8 and Au-NiCoFe7S8. The as-prepared NPLs 

exhibited drastically improved and remarkable OER activity that outperformed the benchmark 

RuO2 catalyst. Such substantial improvement in electrocatalytic performance is attributed to the 

modified electronic structure as demonstrated by DFT calculations where Co and Ni doping 

induces lowering of the Gibbs-free energy at an active site of Fe (001). The interaction between 

Fe, Co and Ni constituent metals, i.e. the synergy between active centres and ease in ion 

diffusion leading to gas release is an additional contributing factor.   
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Scheme 1. Schematic illustration of doping of Co, Ni and NiCo performed on Au-Fe7S8 and 

proposed mechanism for OER. 

 

2. Results and discussion 

        The synthesis route of Ni and Co doped Au-Fe7S8 NPLs is schematically illustrated in 

Scheme 1, where one-step post synthetic modification approach was used (see experimental 

section for further details). First, 2D Au-Fe7S8 NPLs were fabricated (Figure S1) by our 

previously reported seeded growth method [45] and particular attention was paid to the washing 

of these NPLs in order to get rid of any unreacted precursor and impurities. In the next step, the 

obtained Au-Fe7S8 NPLs were further subjected to modification by means of individual and 

simultaneous doping of Ni and Co ion at 200 ℃ for 3 hrs to finally produce three unique and 

exclusive 2D NPLs with hexagonal morphology, i.e., Au-CoFe7S8, Au-NiFe7S8 and Au-

NiCoFe7S8, as demonstrated in scheme 1.  

        It should be noted here that the precursor ratios and other experimental parameters were 

adjusted in such a way that ensured only controlled diffusion of Co and Ni ions into the starting 

Au-Fe7S8 NPLs rather than nucleating separately. Electron microscopic investigations (Figure 

1) were performed to understand the influence of ion diffusion (Co and Ni) on the size, 

morphology and composition of Au-Fe7S8 NPLs with the advent of chemical reaction. All three 
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ion diffusion products retained hexagonal morphology, Au seed in the centre and two-

dimensionality as demonstrated in Figure 1, where NPLs standing on its edges are quite obvious. 

The statistical analysis on the size distribution of all three reported NPLs, Au-CoFe7S8, Au-

NiFe7S8 and Au-NiCoFe7S8 NPLs (Figures S2-S4) shows that their diameter is in the range of 

76-82 nm respectively which is slightly higher than the starting Au-Fe7S8 NPLs, i.e., around 69 

nm. The increase in diameter can be attributed to the diffusion of Co and Ni metal ions into the 

defect-rich Fe7S8 lattices.[46]  

        Figure 1a1-c1 presents the high angle annular dark field-scanning transmission electron 

microscopy (HAADF-STEM) images of Au-CoFe7S8, Au-NiFe7S8 and Au-NiCoFe7S8 with 

their corresponding TEM and high-resolution TEM (HRTEM) images given in Figure 1a2-c2 

and a3-c3, respectively. Figure 1a3-c3 is the classic demonstration of the dimension of an 

isolated particle with a closer view and high crystallinity with distinct spots in Fast Fourier 

Transform (FFT) pattern (inset) which were analogous to the main NPLs constituent, i.e., 

Fe7S8.[45] Similar interplanar distances of 2.97 and 1.71Å were dominant in the pristine Au-

Fe7S8 NPLs corresponding to the ( 1ത22ሻ  and (040) lattice planes, respectively. The 

superimposition of (1ത22ሻ, (040) and (320) planes in Figure 1a3, b3 just reflects that there is a 

second crystal within the selected area. The 2D repeating pattern of spots comes from the flat 

plate which appears to be a single crystal. The fact that the additional spots are just a single pair 

of spots with no apparent angular relationship to the underlying hexagonal pattern suggests 

there is no crystallographic relationship between the plate and the extra bit of crystalline 

material. Here it is important to emphasize that no additional phases in relation to CoS and NiS 

or the mixture of their alloys were observed during the structural analysis of the TEM images. 

This means that the ion diffusion of Co2+ and Ni2+ during the post-synthetic procedures does 

not alter the lattice structures of the original Fe7S8 NPLs. This initial outcome was picked up as 

a clue that this process is most likely a diffusion induced doping process instead of ion 

displacement or cation exchange.   
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Figure 1. Representative STEM, TEM, HRTEM images and corresponding FFT patterns of 

(a1-a3) Au-CoFe7S8, (b1-b3) Au-NiFe7S8 and (c1-c3) Au-NiCoFe7S8 respectively. Yellow 

rectangles show the respective areas where HRTEM analysis was performed. 

 

To verify the claimed parameters as optimum experimental conditions, another parallel 

experiment was carried out on Au-NiCoFe7S8 NPLs where precursor ratio of Ni/Co was 

doubled as compared to Fe in pristine Au-Fe7S8 NPLs. Theoretically, it should have increased 

the rate of diffusion to produce an entirely new hybrid heterostructure of Au-NiCoS. Instead, 

substantial amounts of homogeneous nucleation was observed (Figure S5) which was linked to 

the reaction equilibrium and thermodynamic limits. This set of data strengthens the importance 

of optimum conditions required to achieve controlled diffusion, as observed in Figure 3. 
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Figure 2. Structural characterization of ternary hybrid NPLs. (a) XRD pattern of Au-Fe7S8, Au-

NiFe7S8, Au-CoFe7S8 and Au-NiCoFe7S8. (b1-b3) SAED pattern of Au-CoFe7S8, Au-NiFe7S8 

and Au-NiCoFe7S8 respectively. 

 

        The XRD patterns (Figure 2a) of both doped and undoped samples primarily exhibit two 

sets of diffraction peaks which matched well with the face centred cubic Au (JCPDF#04-0784) 

and monoclinic Fe7S8 (JCPDF#29-0723), respectively.[45-48] However, notably a diffraction 

shift of around 1ο was observed in the XRD spectra of Au-NiCoFe7S8. The reason behind this 

shift was attributed to the change in cell dimension (lattice parameters) and therefore residual 

crystal strain. The prominent display of this shift only in Au-NiCoFe7S8 NPLs could be ascribed 

to the slight atomic radius change due to simultaneous doping of Ni2+ and Co2+ into the Fe7S8 

crystal lattice.  For the same catalyst, Au-NiCoFe7S8, even with repeated tailoring of 

experimental parameters, some homogeneous nucleation of nickel and cobalt sulfide with 

irregular morphology was observed (Figure S6), which clearly explain the existence of the 

additional XRD peaks in the sample of Au-NiCoFe7S8 NPLs. This claim was further supported 

by collecting selected-area electron diffraction (SAED) pattern of Au-CoFe7S8, Au-NiFe7S8 and 

Au-NiCoFe7S8 NPLs (Figure 2b1-b3). When assigned, the rings of diffraction spots were in 

close agreement with pristine Au-Fe7S8 NPLs,[45] designated in red and green colour, 

respectively. The overlapping of prominent hkl values indexed to the (1ത22ሻ and (040) planes in 
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FFT, XRD and SAED endorses the correct assignment of the Au and Fe7S8 which anneals the 

formation of ion diffusion products.  

 

Figure 3. HAAD-STEM images and EDS mapping showing the distinct locations of Fe, Co 

and Ni and constituents (a1-a4) Au-CoFe7S8 (b1-b4) Au-NiFe7S8, (c1-c4) Au-NiCoFe7S8, 

respectively. 

 

     To determine the location, atomic arrangement and most importantly the co-existence of the 

three integral components (Fe, Co, Ni) of the synthesized NPLs, HAADF-STEM analysis was 

performed (Figure 3). It was used to construct the STEM-EDS elemental maps of all three 

doped Au-CoFe7S8, Au-NiFe7S8 and Au-NiCoFe7S8 NPLs as shown in the bottom panel of 

Figure 4a1-c4 with their corresponding EDS spectra (Figures S7-S9). The homogeneous 

distribution of Co and Ni suggests their uniform incorporation into the Au-Fe7S8 NPLs rather 

than forming any localized domains. These maps not only confirm the retention of the original 
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constituents of the NPLs but also the distribution of Co and Ni within the Fe7S8 lattice 

throughout the particle.  

   

Figure 4. High resolution XPS spectra of (a) Co (b) Ni and (c and d) Co, Ni for Au-CoFe7S8, 

Au-NiFe7S8, and Au-NiCoFe7S8, respectively. 

 

        To analyse the surface chemical composition, valence states, chemical constituents and 

their bonding environment, X-ray photoelectron spectroscopy (XPS) analysis was performed 

which confirmed the successful integration of Co and Ni into the as-synthesized NPLs. Figures 

S10-S12 depict the survey spectra of Au-CoFe7S8, Au-NiFe7S8 and Au-NiCoFe7S8 NPLs 

confirming the co-existence of Fe with Co and Ni. To illustrate the existence of introduced 

dopants, the high resolution XPS spectra of Co2p in Au-CoFe7S8, Ni2p in Au-NiFe7S8 and Co2p 

and Ni2p in Au-NiCoFe7S8 are presented in Figure 4a-4d, respectively. The Co 2p spectrum 

(Figure 4a) showed best fit for deconvoluted two spin orbits doublet at binding energies of 

778.2, 781.2 and 793.4 eV, 796.3 eV assigned to Co 2p3/2 and Co 2p1/2, respectively while 

indicating the existence of Co2+/Co+3 in Au-CoFe7S8.[49-51] Similarly, The Ni 2p spectrum 

(Figure 4b) was deconvoluted into two spin orbit doublets assigned to Ni 2p3/2 at Ni 2p1/2. The 

first doublet at 852.9 and 870.6 eV, and the second doublet at 858 and 876.2 eV advocates the 
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presence of both Ni+2 and Ni+3 in the Au-NiFe7S8 NPLs.[3, 51, 52] Almost identical results were 

observed for both Co and Ni in Au-NiCoFe7S8 as shown in Figure 4c-d. The detailed XPS 

investigations for pristine Au-Fe7S8 NPLs can be found in our previously published article.[45] 

A closed inspection on the O 1s XPS spectroscopy of the Au-CoFe7S8, Au-NiFe7S8 and Au-

NiCoFe7S8 NPLs (Figure S13) showed the presence of only absorbed hydroxide ions attributed 

to moisture absorption.[53] The structure of as-prepared Au-Fe7S8, Au-CoFe7S8, Au-NiFe7S8 and 

Au-NiCoFe7S8 NPLs was further studied by Raman spectra (Figure S14). The prominent peaks 

in the range of 300 to 800 cm-1 were allocated to asymmetric Fe–S, Ni–S and Co–S stretching.[37, 

54-56] Notably, the vibration energy of metal-S progressively shifts to high wavenumbers (cm-1), 

which is consistent with the ascending order of the atomic number of Fe, Co and Ni. Based on 

the above analysis, it can be regarded as certain that the conversion of pristine Au-Fe7S8 to Au-

CoFe7S8, Au-NiFe7S8 and Au-NiCoFe7S8 occurred via a simple single-step process. Based on 

the above analysis, it can be regarded as certain that the conversion of pristine Au-Fe7S8 to Au-

CoFe7S8, Au-NiFe7S8 and Au-NiCoFe7S8 occurred via a simple single-step process.          

        The high demand of iron, cobalt and nickel sulfides in energy storage applications makes 

these platelets an interesting candidate for further exploration. It can be attributed to its 

multifunctionality due to the presence of dichalcogenides in a single particle.[3, 8, 9, 29, 31, 51]  In 

light of this, the electrocatalytic performance of all three synthesized NPLs were evaluated 

towards the OER.  

        The electrocatalytic OER performance of the prepared samples was tested in oxygen-

saturated 1.0 M KOH alkaline solution using a three-electrode configuration. Figure 5a shows 

the kinetic OER currents which were obtained by averaging the forward- and backward-going 

cyclic voltammetry scans, followed by compensation for electrolyte resistance (see Figure S15, 

Supporting Information, for an exemplary data processing). The pristine Au-Fe7S8 sample 

exhibited a negligible current response across the potential range of 1.2−1.7 V vs. the reversible 

hydrogen electrode (RHE), indicative of its poor catalytic activity toward the OER. By stark 
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contrast, Au-CoFe7S8, Au-NiFe7S8, and Au-NiCoFe7S8 showed a much earlier onset for 

initiating the OER currents (i.e., at potentials even lower than 1.55 V), suggesting the drastically 

enhanced OER kinetics upon the incorporation of Co or/and Ni. When one compares the 

overpotential needed to reach an OER current density of 10 mA cm−2 (η10), a metric commonly 

used for OER activity comparison due to its close relation to solar fuels production [57], Au-

NiCoFe7S8 was found to give the lowest value of 243 mV, followed by Au-NiFe7S8 (259 mV) 

and Au-CoFe7S8 (275 mV) (Figure 6a inset). Of note, these η10 values are much smaller than 

that found on the benchmark RuO2 catalyst (368 mV, consistent with previous reports[22]), 

which highlights the high efficacy of these doped iron sulfide materials for electrocatalyzing 

the OER. More importantly, to deliver a current density as high as 100 mA cm−2, the co-doped 

sample only required an overpotential of less than 300 mV (i.e., 288 mV), lower than that of 

the Ni- and Co-doped counterparts (306 and 324 mV, respectively). 
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Figure 5. Electrocatalytic OER performance of Au-NiCoFe7S8. (a) OER kinetic currents of Au-

Fe7S8, Au-CoFe7S8, Au-NiFe7S8, Au-NiCoFe7S8, and RuO2 in 1 M KOH solution. Inset shows 

a comparison of the overpotential needed to reach 10 and 100 mA cm−2. (b) Tafel plots of Au-

CoFe7S8, Au-NiFe7S8, and Au-NiCoFe7S8. (c) A comparison of the OER activity of Au-

NiCoFe7S8 with other reported state-of-the-art catalysts tested on GC electrode in 1 M KOH 

electrolyte, using the overpotential needed to reach 10 mA cm−2 and Tafel slope. Solid symbols 

represent sulfide-based catalysts and hollow symbols represent other types of catalysts.[22, 57-69] 

(d) Chronopotentiometry curves of Au-NiCoFe7S8 and RuO2 at a constant current density of 10 

mA cm−2. 

 

        These results suggest that the co-doping of Co and Ni could lead to a greater activity 

increase as compared with the mono-doping of Co or Ni. Because these samples have a similar 

platelet size (Figure S1), such activity difference is more likely associated with their intrinsic 

materials properties than any difference in the surface areas, which will be discussed in more 

detail in the DFT section. The excellence of these doped sulfide samples was further 

demonstrated by means of the Tafel plots. As shown in Figure 5b, all the doped samples had 

Tafel slopes in the range of 41−43 mV dec−1, much smaller than those of Au-Fe7S8 (73 mV 

dec−1) and RuO2 (69 mV dec−1) (Figure S16, Supporting Information), again showcasing the 

impressively accelerated OER kinetics on the doped samples. The observation of the similar 

Tafel slopes suggests that the doped iron sulfide samples may catalyze the OER by using the 

same reaction mechanism. Having both low overpotential and low Tafel slope, the co-doped 

Au-NiCoFe7S8 catalyst ranks among the best-performing, non-noble metal-based OER 

catalysts reported to date, as seen from a detailed comparison with catalysts ranging from 

sulfide-based materials and beyond (e.g., phosphide, oxide, nitride, and hydroxide) (Figure 5c 

and Table S1, Supporting Information). Notably, when carbon paper was adopted as the 

substrate in place of the glassy carbon (GC) electrode to allow for increased loading of catalyst, 

the overpotential could be further reduced (η10=230 mV) while the fast reaction kinetics remains 

unaffected (Tafel slope: 43 mV dec−1), as shown in Figure S17. Such small overpotential and 
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Tafel slope of the ternary Au-NiCoFe7S8 can be beneficial for practical electrochemical devices. 

It is worth mentioning here that Chen et al.[37] recorded the overpotential of 270 mV and Tafel 

slope of 43 mVdec-1 from ultrathin (~1.78 nm) Fe7S8 nanosheets which suggest that by 

controlling the thickness of Au-NiCoFe7S8 catalyst, further enhancement in the OER 

performance can be expected. During the synthesis of pristine Au-Fe7S8 NPLs, Au NPs played 

a central role for the controlled growth of hexagonal shaped domain of Fe7S8 around it. These 

thiol (–SH) functionalized Au NPs operated as the seeds which were consequently seen 

embedded in the centre of Au-Fe7S8 NPLs.[45] Dimension and configuration are believed to have 

direct impact on the performance of multi-component materials and therefore remained one of 

the primary objective in the reported work. To reveal the importance of the morphology of the 

samples in OER catalytic activity, we synthesized Ni/Co doped Au-Fe7S8 nanoparticles that 

have irregular shape (Figure S18a). To reveal the importance of the morphology of the samples 

in OER catalytic activity, we synthesized Ni/Co doped Au-Fe7S8 nanoparticles that have an 

irregular shape (Figure S18a). Comparison of the OER activity of Ni/Co doped Au-Fe7S8 

nanoparticles with an irregular shape with that of Ni/Co doped Au- Fe7S8 NPLs indeed shows 

that the increased OER catalytic performance of the NPLs sample compared to the sample with 

an irregular shape (Figure S18b), which confirms the importance of the nanoplatelet 

morphology toward enhanced OER catalysis. It should be stressed here, that the role of Au NPs 

was only restricted towards the morphology regulation and did not have any notable 

contribution towards the OER catalytic activity (Figure S19). The Au sample gave an OER 

current density of 3.46 mA cm-2 at a potential of 1.80 V vs. RHE, comparable to previously 

reported Au-based catalysts.[70, 71] Of note, such activity is negligible when compared to the Au-

Fe7S8, Au-CoFe7S8, Au-NiFe7S8, and Au-NiCoFe7S8 samples, suggesting that Au in these 

sulfide-based catalysts contributes insignificantly to the OER catalytic activity. 

        To evaluate the electrochemical stability of Au-NiCoFe7S8, we first conducted continuous 

CV cycling at a slow scan rate of 10 mV s−1. As presented in Figure S20, the pristine Au-Fe7S8 
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sample exhibited larger η10 values with the increase of cycle number, indicative of its poor 

catalytic stability. By comparison, Au-NiCoFe7S8 showed good electrochemical stability with 

no obvious increase in the η10 over the cycling test. The good stability of Au-NiCoFe7S8 was 

also verified by chronopotentiometry measurements. As depicted in Figure 5d, Au-NiCoFe7S8 

maintained its activity when held at a constant current density of 10 mA cm−2 for 10 hours, 

whereas the RuO2 standard gradually lost its activity during the same testing, due likely to the 

formation of soluble RuO4
2− species under OER conditions[72]. Similarly, good catalytic 

durability was also found for the carbon paper supported Au-NiCoFe7S8 catalyst (Figure S21). 

 

Figure 6. Characterizations of Au-NiCoFe7S8 NPLs after OER measurements. (a1-a4) STEM 

image, elemental maps (b1) XPS survey spectra, high resolution XPS spectra of S2p (b2) before 

and (b3) after OER measurements.     

 

        Some further characterizations were performed to gain insights into the preservation of 

morphology and elemental content of the reported NPLs after being exposed under OER 

environment for extended period of time. For this purpose, only Au-NiCoFe7S8 NPLs were 

selected based on its outstanding performance and having both dopant entities i.e. Co and Ni. 

Figure 6a1-a4 illustrate the STEM images and elemental maps of the constituent entities after 

OER measurement for 12 hrs. Even after extended duration of OER testing, the morphology of 

the reported NPLs was moderately retained. The reason behind this morphology change was 
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not associated with the transformation of catalyst but the presence of other entities in the sample. 

As mentioned in the preparation of working electrode section (see the Experimental section in 

the SI), that prior to OER test the catalyst was ultra-sonicated with carbon black and nafion in 

the presence of ethanol. The reported TEM analysis was conducted on the sample collected 

from the electrode after OER test.  The presence of large molecule, such as Nafion, significantly 

hinders in getting high quality TEM images. To strengthen the claim of compositional retention, 

XPS analysis was conducted on Au-NiCoFe7S8 NPLs before and after OER measurements. The 

survey XPS spectra further supports the existence of all constituents before and after OER 

measurements. It should be noted here that the sharp fluorine (F) peak in survey XPS (Figure 

6b1) was attributed to the Nafion used for the catalyst ink preparation. After OER, it is very 

critical to determine if the metal sulfides remained stable or got converted into oxides. The XPS 

analysis, Figure 6b1-b3, confirms the existence of S2p assigned to S 2p3/2 and S 2p1/2 before and 

after OER (Figure 6b2-b3). This claim was supported by O 1s XPS (Figure S22) where before 

OER, O existed in the form physically adsorbed H2O and OH-. After 12 hrs of OER test, the 

shoulder peak at ~533  eV to sulphate (SOସ
ିଶ)[53] was observed which could be a result of sulfide 

dissolution after prolonged testing. To further demonstrate the preservation of compositional 

domains, Raman investigation was conducted on Au-NiCoFe7S8 NPLs. From Figure S23, the 

constancy of Raman stretching before and after OER test is quite evident. From these results, it 

is evident that the reported NPLs have good durability and resilience in OER experiment.[7, 8] It 

is important to note that apart mixed-valence characters Fe in Fe7S8 and dopants (Ni and Co) as 

shown in Figure 4, could dramatically restrict the tendency of the oxidation of NPLs during the 

OER process due to their rich surface dangling bonds and enhanced electron transfers, which 

offers exceptional stability to NPLs[37]. From these results, it is evident that the reported NPLs 

have good durability and resilience in OER experiment.  

        To provide further insights into the exceptionally high OER activity of co-doped Au-Fe7S8 

NPLs, in particular to understand the critical roles of Co2+ and Ni2+ dopants in improving the 
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catalytic performance of Au-Fe7S8 NPLs, we employed the first-principal method to evaluate 

the catalytic properties of the doped Au-Fe7S8 NPLs (see the experimental section for details). 

OER process needs to complete four electron transfers, and generates *OH, *O, *OOH, and O2 

in the corresponding four elementary steps. OER energies drived by DFT calcuations (Figure 

7a) alongside the (001) surface structures of Fe7S8 (Figure 7b-c) and configurations of adsorbed 

redox species on the pristine, Ni-doped and Co-doped Fe7S8 (001) surfaces (Figure 7d-l) were 

illustrated in Figure 7. Since the most exposed surfaces of Fe7S8 nanoplatelets are the {001} 

facets, we calculated the OER free energy barriers of the (001) surface for pristine, Ni- and Co-

doped Fe7S8, as shown in Figure 7b. There are six adsorption sites on the pristine Fe7S8 (001) 

surface in our employed model (Figure 7c), and we have explored all possibilities. For the 

pristine surface, the most efficient site for OER is the Fe-S3 (Figure 7c). The limiting step is 

∆G3=1.87 V, which leads to an overpotential of 0.64 V. For both Ni- and Co-doped Fe7S8 (001), 

we have tested different surface sites by placing one dopant atom on either the surface layer or 

the sub-surface layer. The obtained most efficient site is still the Fe-S3 for both Ni- and Co-

doped Fe7S8 (001). Both Ni and Co doped (001) can effectively lower the Gibbs free energy of 

step 3 (∆G3), leading to a drop of overpotential by ~50%. This is due to the improved binding 

of OOH species by Ni/Co doping. The overpotentials for Ni-, Co-, and Ni/Co doped Fe7S8 (001) 

NPLs derived by DFT calculations are consistent with the experimental values.  
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Figure 7. OER free energies calculated by DFT. (a) Plot of the 4-step Gibbs free energies 

calculated on the pristine, Ni-doped and Co-doped Fe7S8 (001) surfaces. (b and c) (001) surface 

structure of Fe7S8. Grey balls and yellows balls indicate Fe and S atoms, respectively, and 

brown balls indicate Fe atoms on the top layer. (d-l) Configurations of adsorbed redox species 

on the pristine, Ni-doped and Co-doped Fe7S8 (001) surfaces. 

 

3. Conclusion 

        In summary, we have demonstrated the ability to build a collection of high order 2D 

heterostructures by a single-step ion diffusion of Ni and Co into the pristine Au-Fe7S8 NPLs to 

produce Au-CoFe7S8, Au-NiFe7S8 and Au-NiCoFe7S8. This simple alternative pathway, doping 

through ion diffusion, provides a straightforward opportunity to pre-program and rationally 

transform nanostructures into its derivatives which are otherwise inaccessible, while retaining 
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the morphology. The synthesized NPLs, Au-NiCoFe7S8, demonstrated exceptionally high OER 

performance with a lowest overpotential of 243 mV to attain the current density of 10 mAcm-2 

along with the Tafel slope of 43 mVdec-1. The improved OER response of Ni and Co doped 

NPLs was attributed to the improved binding of OOH species on the (001) surfaces of Au-Fe7S8 

NPLs by Ni/Co doping into the otherwise poor OER catalyst, i.e., pristine Au-Fe7S8 NPLs. 

Thus, the doping strategy demonstrated in this work can open new avenues for the development 

of efficient OER catalysts.     

4. Experimental Section/Methods  

Materials 

Nickel (II) chloride hexahydrate (NiCl2.6H2O) (≥97%), cobalt (II) chloride hexahydrate 

(CoCl2.6H2O) (≥97%), hexadecylamine (HDA) (98%), sulfur (S) (99.99%) and oleylamine 

(OLA) (70%) were purchased from Sigma Aldrich. All chem2icals were used as received 

without further purification. 

Synthesis of Au-Fe7S8 NPLs 

The hybrid heterodimer of Au-Fe7S8 NPLs were synthesized with referring to the method 

developed by our group[45] with some modifications where thiol capped Au NPs were used as 

a seed for the consequent growth of Fe7S8 yielding Au-Fe7S8 NPLs. 

Synthesis of Au-CoFe7S8 NPLs 

The doping of Co and Ni metals into the pre-made Au-Fe7S8 hybrid NPLs [45] was performed 

by adding Co and Ni salts in the solution of pre-synthesized Au-Fe7S8 hybrid NPLs through ion 

diffusion.[34] For the synthesis of hexagonal shaped Au-CoFe7S8 NPLs, 0.0143 g of CoCl2.6H2O, 

0.00048 g of HDA, 0.0048 g of S, 40 mg of Au-Fe7S8 dispersed in 1 ml of hexane and 7.5 ml 

of OLA were added in a 50 ml three-necked round bottom flask under continuous stirring. The 

reaction mixture was briefly purged with vacuum and refilled with N2 three times at 80 °C to 

get rid of the hexane. The temperature of the reaction mixture was then gradually ramped up to 

200 °C under inert atmosphere (N2) and was left at this temperature for 3 hrs before removing 
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the heating mantle and allowing it to cool down to room temperature (RT). Ethanol was used 

to precipitate the NCs which were then centrifuged at 4500 rpm for 3 mins followed by re-

dispersion in hexane containing 1% oleic acid (OA) and OLA.  

Synthesis of Au-NiFe7S8 NPLs 

The synthesis procedure of Au-NiFe7S8 was similar to the synthesis of Au-CoFe7S8, except that 

0.0147 g of NiCl2.6H2O was used rather than CoCl2.6H2O.  

Synthesis of Au-NiCoFe7S8 NPLs 

The synthesis procedure of Au-NiCoFe7S8 was similar to the synthesis of Au-CoFe7S8, except 

that both 0.0071g of CoCl2.6H2O and 0.0073 g of NiCl2.6 H2O were used.   

Preparation of working electrodes 

Prior to the electrochemical measurements, the as-synthesized solids were calcined (to get rid 

of the surface ligands) under N2 atmosphere at 430 °C for 1.5 h with a heating rate of 10 °C 

min−1. 5 mg of the obtained catalyst powder was mixed with 3 mg of Super P® carbon black 

(Alfa Aesar) before suspending in 450 µL of absolute ethanol and 50 µL of 5 wt% Nafion® 117 

solution (Sigma-Aldrich). The final suspension was sonicated for 1 h to produce a homogeneous 

ink. To prepare a glassy carbon (GC) electrode (0.196 cm2) loaded catalyst sample, 5 µL of the 

as-prepared suspension was drop cast on it with a mass loading of ~0.255 mg cm−2 and left to 

dry under ambient conditions. In parallel, 100 µL of the suspension was drop cast on a 

1cm×1cm carbon paper (Sigracet 39 AA, Fuel Cell Store), achieving a total catalyst mass of ~1 

mg. The GC loaded RuO2 sample was prepared by the same procedures using commercial RuO2 

powders purchased from Sigma-Aldrich (99.9% purity).  

Characterization 

The X-ray diffraction (XRD) patterns were acquired on D8 Advance powder diffractometer 

(Bruker AXS, Germany) with Cu Kα radiation (λ = 1.54Å) source at 40 KV/40 mA with a 

LynxEye detector. Transmission electron microscopy (TEM), high resolution TEM (HRTEM), 

high angle annular dark field-scanning TEM (HAADF-STEM), elemental mapping images, 
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energy dispersive X-ray spectroscopy (EDS), selected area electron diffraction (SAED) and  

fast Fourier transform (FFT) patterns were obtained on a FEI Talos F200X FEG-TEM with 

super-X EDS system (Thermo Fisher Scientific, Czech Republic) at John de Laeter Centre, 

Curtin University. X-ray photoelectron spectroscopy (XPS) measurements were collected on a 

Kratos AXIS Ultra DLD (Kratos Analytical, Manchester UK) at the John de Laeter Centre, 

Curtin University. For all samples, the binding energy was calibrated by setting the C 1s 

spectrum to the value of 284.8 eV. High resolution spectra were fitted with Gaussian-Lorentzian 

(70-30%) shape via linear background. 

DFT calculations 

        Density functional calculations were performed by using the Vienna Ab initio Simulations 

Package (VASP)[73] and projected augmented wave (PAW) method (with 1s1, 2s22p4, 3s23p4, 

3d74s1, 3d84s2 and 3d84s1 as valence electrons for H, O, S, Fe, Ni and Co, respectively). The 

exchange-correlation interaction was treated with the generalized gradient approximation 

(GGA) in the Perdew, Burke and Ernzerhof (PBE)[74] parameterization. We employed GGA+U 

(U=3 and J=1)[37] to correct the self-interaction and over-delocalized d states. The monoclinic 

Fe7S8 (space group C2/c, No. 15) structure was fully relaxed by using GGA+U, and the energy 

was converged within 10-6 eV/cell and the force was converged to less than 10-2 eV/Å, with the 

cut-off energy of plane-wave basis set as 400 eV and a Gamma-centred k-point set of 2×4×2. 

The same cut-off energy and similar dense k-point set were used for slab calculations, except 

that only one k-point was used for the direction normal to the surface. A vacuum spacing no 

less than 15 Å was used in all slab calculations. The study of OER was then performed on the 

(001) surface. Gibbs free energy changes for the four elementary steps of OER were calculated 

following procedures detailed in previous publication.[75] 
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  Highlights: 

 
 The ultrafast and single step ion diffusion method is developed to produce Ni and Co 

heavily doped 2D Au-Fe7S8 nanoplatelets.  

 The unique cohabitation of Ni+2 and Co2+ with Fe7S8 transforms it from least to 

exceptionally high performing oxygen evolution reaction (OER) active material with an 

OER overpotential of 243 mV at 10 mA cm-2 and fast kinetics with Tafel slop of 43 mV 

dec-1. 

 Hexagonal morpholgoy and location of Au seed was retained in the pristine Au-Fe7S8 

NPLs before and after OER testing.  
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