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 ABSTRACT: In this work, we investigate the occurrence of localized surface plasmon resonances (LSPRs) in diﬀerent nickel sulﬁde nanostructures. Therefore, spherical and anisotropic nickel sulﬁde nanoparticles (NPs) are synthesized and analyzed regarding their optical properties by UV/vis/NIR and transient absorption spectroscopy. Furthermore, new pathways for the synthesis of spherical Ni3S2 nanodots with an extremely narrow size distribution, as well as Au−Ni3S2 core−shell NPs with controllable shell thickness, are presented. Our results show that NPs of diﬀerent metallic nickel sulﬁde phases like Ni3S2 and Ni3S4 exhibit LSPR bands in the visible regime of the electromagnetic spectrum, which possibly makes them a comparably cheaper alternative to NPs consisting of noble metals like Au and Ag. In case of the presented plasmonic core−shell particles, the resonance frequency of the plasmon can be tuned between those of pure gold and pure Ni3S2 NPs by varying the Ni3S2 shell thickness.
 
 ■
 
 INTRODUCTION Even though the localized surface plasmon resonance (LSPR) is an optical property of nanoparticles, which by now has been known for more than a century, signiﬁcant progress toward its understanding has been achieved only in more recent times.1−5 Besides the classical example of noble metal particles, new plasmonic materials like metal oxides and chalcogenides have been discovered.6−13 In most of those cases, the necessary amount of free charge carriers exists because of a degenerate doping of the material. In principle, every nanoparticle with a suﬃciently large pool of free charge carriers is prone to exhibit a LSPR. In this work, we are going to investigate diﬀerent materials of the phase-rich binary nickel sulﬁde system, since nanoparticles of most of the stable phases are likely to show a LSPR due to their metallic nature in the bulk state.14−16 Because the electronic properties of these materials are wellknown, the focus will lie on the paramagnetic rhombohedral Ni3S2 phase (heazlewoodite) and the cubic Ni3S4 phase (polydymite) which displays itinerant electron ferrimagnetism.17−19 While Ni3S2 nanostructures have been discussed as a potential electrocatalyst for water splitting or alternatively for the reduction of oxygen to water, Ni3S4 shows potential for application in high-performance supercapacitors.20−23 In recent years, there has been a signiﬁcant development in the shapecontrolled synthesis of nanoparticles of these pure nickel sulﬁde © 2017 American Chemical Society
 
 phases. Ni3S4 nanocrystals can be obtained at room temperature by combining aqueous nickel chloride and sodium dithionite solutions and at 180 °C with elemental sulfur in oleylamine or as a byproduct during the synthesis of NiS nanostructures.19,24−26 Finally, nanopyramids and elongated, rod-shaped nanoprisms of the material can be produced in a one-pot colloidal synthesis.27 In the case of Ni3S2 it is possible to obtain nanowires or hollow sub-micrometer-sized spheres via gamma irradiation. The most promising results so far in regard to small spherical nanoparticles of Ni3S4 or Ni3S2 are achieved by syntheses in primary amines, which are used as a coordinating solvent.28−30 However, the optical properties of nickel sulﬁde nanoparticles have not been investigated regarding the possible occurrence of a localized surface plasmon resonance. In this article, we describe an optimized nanoparticle synthesis procedure yielding Ni3S2 nanoparticles with a very low degree of polydispersity which is unpreceded in the literature. Furthermore, we provide a detailed study of the optical properties of the as synthesized nanoparticles, which allowed us to conclude that the main absorption band of the nickel sulﬁde nanoparticles can indeed be attributed to a localized surface Received: June 1, 2017 Revised: August 2, 2017 Published: August 6, 2017 7371
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 spectrometer. The solvent (toluene) was evaporated, and the resulting precipitate was dissolved in aqua regia and subsequently diluted with deionized water. The applied wavelength was 242.8 nm and the sample was measured using an acetylene ﬂame. Synthesis of Au−Ni3S2 Core−Shell Nanoparticles. OLAm (0.25 mL) and ODE (2.5 mL) were mixed in a 25 mL three-neck round-bottom ﬂask and degassed under vacuum at 90 °C for 2 h. Then the solution was heated up to 225 °C under argon. 0.4 mL of the Au nanoparticle dispersion ([Au]: 14 mg/mL, determined by atomic absorption spectroscopy) were dried in vacuum, the particles were redispersed in a mixture of toluene (100 μL), ODE (0.5 mL) and TOP (0.4 mL) and the resulting solution was injected into the reaction ﬂask. The Ni (10.2 mg of NiCl2·6H2O in 0.1 mL of OLAm and 0.9 mL of ODE for a thin shell, 26 mg of NiCl2·6H2O in 0.25 mL of OLAm for a thick shell) and S (0.1 mL of DDT in 0.9 mL ODE for a thin shell, 0.3 mL of DDT for a thick shell) precursor solutions were simultaneously added dropwise over 1−2 min. After an additional minute of reaction time, the reaction mixture was transferred into a centrifuge vial containing toluene (5 mL) under argon using a glass syringe and the particles were precipitated by the addition of ethanol (13.5 mL) and centrifugation (3773 g) for 20 min. The product was then redispersed in toluene (4.5 mL) and stored under an inert atmosphere. Electron Microscopy. Transmission electron microscopic (TEM) analysis and electron diﬀraction measurements were performed using a FEI Tecnai G2 F20 device, equipped with a ﬁeld emission gun and operated at 200 kV. Prior to the measurements the samples were washed at least once by precipitation with ethanol followed by centrifugation and redispersion in chloroform. Ten microliters of the resulting dispersion were then drop-casted onto a carbon-coated copper grid (300 mesh). Optical Spectroscopy. UV/vis/NIR absorbance spectra were measured in transmission mode using a Cary 5000 spectrophotometer by Agilent Technologies. Pure absorption spectra were collected in the center position of an Agilent DRA-2500 integrating sphere, which was mounted onto the device. The samples were diluted with the respective solvent and placed in a quartz glass cuvette (1 cm path length) under inert atmosphere. X-ray Diﬀraction. X-ray diﬀraction (XRD) patterns were measured with a Bruker D8 Advance in reﬂection mode. The device was operated at 40 kV and 40 mA utilizing Cu K-alpha radiation. Samples were prepared by drop-casting and drying the NP dispersion on a single crystalline silicon holder. Transient Absorption Spectroscopy. The LSPR resonance of Ni3S2 nanocrystals in solution (toluene, inside a 2 mm quartz cuvette) was studied by broadband pump−probe spectroscopy in a setup described previously and brieﬂy discussed here.32,33 180 fs laser pulses, generated in a Yb:KGW oscillator at 1028 nm, are split-oﬀ to generate a pump and a probe beam. The pump beam energy can be varied by nonlinear frequency mixing in an optical parametric ampliﬁer (OPA) and second harmonics generation (Light Conversion, Orpheus). A broadband probe spectrum is generated by focusing the 1028 nm laser light onto a sapphire (500−1500 nm) or a CaF2 (400−600 nm) crystal by nonlinear processes. The probe pulse can be delayed up to 3 ns by an automated delay stage. The majority of the 1028 nm fundamental laser beam is used as pump pulse for photoexciting the sample (wavelengths 310−1500 nm) after nonlinear frequency mixing in an optical parametric ampliﬁer (OPA) and second harmonics module (Light Conversion, Orpheus). The pump and the probe pulse overlap at the sample position in an ∼8° angle. The pump pulse is dumped after the photoexcitation of the sample, while the probe light is led to a detector ﬁber suitable for the probe spectrum selected (Helios, Ultrafast Systems). The transient absorption spectrum is calculated as the diﬀerence between the probe signal obtained respectively with and without photoexcitation by the pump pulses. By controlling the delay stage, we can monitor the spectral response of the sample at diﬀerent times after photoexcitation. All data are corrected for dispersion by ﬁtting a polynomial function to the solvent response.
 
 plasmon resonance. Furthermore, heteronanoparticles consisting of an Au core and a nickel sulﬁde shell were synthesized to investigate the interaction between the well-known LSPR of the noble metal and the nickel sulﬁde shell material. The obtained results further strengthen the ﬁnding that nickel sulﬁde nanoparticles are plasmonic. Thus, this article widens the ﬁeld of plasmonic particles active in the visible part of the spectrum and again shows nicely that this ﬁeld extends far beyond the well-known noble metal nanoparticles.
 
 ■
 
 EXPERIMENTAL SECTION
 
 Used Chemicals. Acetone (>99%), chloroform (99.8%), dodecanethiol (DDT, 98%), ethanol (>98%), hexadecanediol (HDD, 98%), n-hexane (99%), 1-octadecene (ODE, 90%), oleylamine (OLAm, 70%), tetrachloroethylene (TCE, > 99%), 1,2,3,4-tetrahydronapthalene (99%), and toluene (99.7%) were purchased from Sigma-Aldrich. Nickel chloride hexahydrate (NiCl2·6H2O, 99.9%), trin-octylphosphine (TOP, 97%) and trin-octylphosphine oxide (TOPO, 99%) were purchased from ABCR. Borane tert-butylamine (BBA, 97%), hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O, 99.99%), methanol (99.9%), nickel 2,4-pentanedioate (Ni(acac)2, 95%), and oleic acid (OLA, 90%) were purchased from Alfa Aesar. Synthesis of Ni3S2 Nanoparticles. NiCl2·6H2O (24 mg), HDD (63 mg), and TOPO (2.5 g) were mixed in a 25 mL three-neck roundbottom ﬂask and subsequently degassed under vacuum at 90 °C for 2.5 h. Under an argon ﬂow, TOP (1 mL) and DDT (0.225 mL) were added to the resulting solution, which was then stirred at 120 °C for 1.5 h. Afterward, it was heated up to 225 °C using a 20 °C/min heating ramp. After 1 min of reaction time, the heating mantle was removed and the mixture was allowed to cool down to about 70 °C. The whole batch was then transferred via a glass syringe into a centrifuge vial, which contained toluene (5 mL) under argon. The nanoparticles were precipitated by the addition of a mixture of acetone and methanol and subsequent centrifugation (3773 g) for 15 min. The supernatant was discarded and the particles were redispersed in toluene (4.5 mL) and stored under inert atmosphere. Synthesis of Ni3S4 Nanoparticles. The Ni3S4 nanorods were synthesized by using a slightly modiﬁed procedure developed by Liu et al.27 In a 50 mL three-neck round-bottom ﬂask NiCl2·6H2O (47.5 mg), HDD (105 mg), OLA (200 μL), and OLAm (1.2 mL) were dissolved in ODE (5 mL). The solution was purged of air and water by repeatedly evacuating the ﬂask and ﬂushing with nitrogen. It was then heated up to 90 °C under nitrogen and DDT (450 μL) was added. The resulting mixture was subsequently heated to 225 °C with a rate of 20 °C/min and the temperature was held for 1 min. The product was allowed to cool down to room temperature and the solution was diluted by the addition of toluene (10 mL). The nanoparticles were precipitated by adding acetone (20 mL) and centrifugation (3773 g) for 5 min. After an analogous additional washing step (dispersion in toluene, precipitation with acetone and centrifugation), the product was ﬁnally dispersed in toluene and stored under inert atmosphere. This procedure yields nanorods with an average aspect ratio (AR) of 4.6. Particles with an AR of 3.9 were obtained when no OLA was used during the synthesis. When Ni(acac)2 (120.8 mg) was used as Ni precursor instead of NiCl2·6H2O and no OLA was present, then the product consisted of irregularly shaped nanoparticles. Synthesis of Au Nanoparticles. Au nanoparticles were synthesized according to a method by Zhu et al.31 In a 50 mL three-neck round-bottom ﬂask, HAuCl4·3H2O (200 mg) was dissolved in 1,2,3,4-tetrahydronapthalene (10 mL) and OLAm (10 mL). The solution was cooled from the outside with ice and stirred for 20 min. Then a mixture of BBA (87 mg) in 1,2,3,4-tetrahydronapthalene (1 mL) and OLAm (1 mL) was added and the resulting solution was stirred for 2 h. The nanoparticles were precipitated by the addition of acetone (45 mL) and centrifugation (3000 g) for 5 min. The supernatant was discarded and the precipitate dispersed and kept in toluene (8 mL). The Au concentration of the Au nanoparticle dispersion was determined using a Varian AA 140 atomic absorption 7372
 
 DOI: 10.1021/acs.chemmater.7b02259 Chem. Mater. 2017, 29, 7371−7377
 
 Article
 
 Chemistry of Materials
 
 ■
 
 RESULTS AND DISCUSSION Nickel sulﬁde (Ni3S2) nanoparticles (NPs) were produced in a one-pot bottom-up synthesis from NiCl2 and DDT as precursors. TOP acted as capping agent for the particles while TOPO was used as the solvent. The synthesized nanoparticles are quasi-spherical in shape and possess an average diameter of 5.1 ± 0.4 nm with a narrow size distribution, which has been determined by TEM analysis and are clearly crystalline (see Figure 1A, B). The nickel sulﬁde
 
 NIR absorbance spectroscopy. The results show a single absorbance band in the visible regime of the electromagnetic spectrum at 453 nm which we attribute to the aforementioned LSPR (see Figure 1D). To conﬁrm this thesis, we investigated the inﬂuence of the dielectric permittivity of the surrounding medium of the nanoparticles on the position of the LSPR maximum by changing the solvent. Several aliquots of the dispersion were dried under vacuum, followed by a redispersion of the particles in diﬀerent mixtures of hexane and tetrachloroethylene (εm, 1.9 and 2.3, respectively).34 The results clearly show how the observed absorbance band shifts toward longer wavelengths with an increasing TCE amount in the mixture (see Figure 2). This is the expected
 
 Figure 2. Normalized UV/vis absorbance spectra of Ni3S2 nanoparticles dispersed in diﬀerent volume ratios of hexane to TCE. The inset shows a magniﬁcation of the LSPR maximum which is bathochromically shifted by an increasing dielectric permittivity of the surrounding medium.
 
 behavior for a LSPR, since the resonance frequency should decrease with a rising permittivity of the surrounding medium.35,36 The measured size of the bathochromic shift is only 5−6 nm, because besides solvent molecules there is of course also a large amount of ligand molecules on the surface of the particles, so the eﬀective change to the dielectric medium is by far not as pronounced as it would be for naked nanoparticles. However, a clear tendency is noticeable and well in line with our interpretation. To further conﬁrm the plasmonic nature of the observed absorbance band, we conducted femtosecond transient absorption spectroscopy measurements (TA). Ni3S2 nanoparticles were photoexcited with 180 fs laser pulses at the localized surface plasmon resonance maximum (460 nm, photoexcitation density ∼7.0 × 10−13 photons/cm2, see Figure 3 for comparison of TA bleaches and ground-state absorption).32,33 Photoexcitation at the plasmon resonance results in the collective excitation of all the conduction electrons. Indeed we ﬁnd a short-lived bleach of the plasmon absorption band under photoexcitation, which originates from the damping of the localized surface plasmon resonance. The induced absorption features on the higher and lower energy side of the plasmon resonance bleach are also typical for LSPR type absorption bands and originate from the broadening of the plasmon resonance at higher electronic temperatures due to the laser pulses.37,38 Note that we do not ﬁnd any long-lasting bleach features that could be assigned to a semiconducting behavior of the Ni3S2 nanoparticles. Hence, the TA measure-
 
 Figure 1. (A) TEM micrograph of Ni3S2 nanoparticles. The smaller inset shows a high-resolution TEM of a single particle. The observable lattice planes are attributed to the (1 1 0) planes of Ni3S2. (B) Corresponding particle size distribution. The mean diameter of the nanodots is 5.1 ± 0.4 nm and was determined by measuring the size of 300 particles. (C) Electron diﬀraction pattern of the sample. The visible reﬂections can be attributed to the (1 1 0) and (1 1 3) lattice planes of Ni3S2. (D) UV/vis/NIR absorbance spectrum of the particles dispersed in toluene. A LSPR band emerges at a wavelength of 453 nm.
 
 phase of the obtained nanoparticles was analyzed by highresolution TEM, electron diﬀraction (see Figure 1C), and X-ray diﬀraction (see Figures S1−S3) measurements and was identiﬁed as the rhombohedral Ni3S2 phase (heazlewoodite). Because bulk heazlewoodite is known as a conventional band metal and an ohmic behavior of a ﬁlm of particles on a glass substrate has been found (see Figures S4 and S5), nanoparticles of this material should in theory exhibit a localized surface plasmon resonance like other metal nanoparticles.18 Our samples were therefore investigated in this regard by UV/vis/ 7373
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 Figure 3. TA spectra of Ni3S2 nanoparticles at diﬀerent times shortly after photoexcitation at 460 nm. The plasmon resonance bleach feature decays after only a few picoseconds and no bleach feature due to semiconducting properties of the Ni3S2 nanoparticles is observed.
 
 ments are in good agreement with metallic/plasmonic behavior of the Ni3S2 particles. An important property that is inﬂuencing the LSPR is the particle shape. In the case of rod-shaped nanoparticles of noble metals like gold and silver, a second LSPR band at longer wavelengths, which is strongly dependent on the aspect ratio of the long axis to the short axis of the rod, is observed.3,39 Elongated, rod-shaped nanoprisms of nickel sulﬁde have already been synthesized by Liu et al. but the optical properties of this material have not yet been investigated.27 By slightly modifying the synthesis parameters the aspect ratio (AR) of the nanorods could be tuned between 3.9 and 4.6 while irregularly shaped nanoparticles with much smaller ARs could also be obtained (see Figure 4A−C). The XRD patterns (see Figure 4E) show that the phase of those particles is the metallic spinel-type Ni3S4, which name is derived from the mineral polydymite. The absorption spectra (see Figure 4D) show a distinct absorption band at 467 nm for the investigated nanorod samples which is corresponding to the transversal LSPR mode. Additionally, with an increasing AR the absorption of the dispersions at larger wavelengths is rising signiﬁcantly. Since these spectra were measured in an integrating sphere this observation cannot be explained by a higher scattering background of the sample due to a larger size of the particles. In the case of the nanorods with an AR of 4.6 also a shoulder can be seen at a wavelength of 700−800 nm. The logical conclusion is that the cause for this increasing absorption is a LSPR mode along the longitudinal axis of the nanoparticles. However, this band is by far not as pronounced and distinct as it is the case for noble metal particles, which could be due to stronger damping mechanisms in the material. Kriegel et al. found a similar behavior for the LSPR of anisotropic Cu2−xTe particles.40 Instead of distinct longitudinal LSPR bands, they observed a broad absorbance in the IR regime of the electromagnetic spectrum. They attribute this to a strong damping of the anisotropic plasmon mode. The same could be the case for the presented Ni3S4 nanorods. In addition to the shape of the nanoparticles and the surrounding dielectric medium, the aggregation of particles severely alters the resonance frequency of the plasmon due to the coupling between the LSPRs of diﬀerent particles which are in close proximity to each other. A broadening of the band is expected as well as a bathochromic shift of the LSPR maximum.41 The synthesized Ni3S4 nanorods with an AR of 4.6 were investigated in this regard. The particles generally showed a tendency to
 
 Figure 4. (A−C) TEM micrographs of (A) irregularly shaped Ni3S4 nanoparticles, (B) Ni3S4 nanorods with an average AR of 3.9, and( C) Ni3S4 nanorods with an average AR of 4.6, respectively. (D) Normalized UV/vis/NIR absorption spectra of the nanoparticles dispersed in chloroform. With an increasing particle aspect ratio the absorption at longer wavelengths is becoming stronger. (E) XRD patterns of the shown nanoparticles. The obtained nickel sulﬁde phase is cubic Ni3S4 (polydymite).
 
 aggregate after a few days (see Figure S6). Without treatment with ultrasonication the absorption maximum of these aggregated samples experiences a strong bathochromic shift and also a noticeable broadening of the band (see Figure 5). After an ultrasonication treatment the now dispersed nanoparticles again show the same absorption behavior as freshly synthesized ones. This is also a strong argument for plasmonic coupling between the aggregated nanocrystals. Yet another way to modify a plasmon resonance is the formation of core−shell nanoparticles. If both the core and the shell are plasmonic, then the LSPR of the hybrid particle tends to shift, starting from the resonance wavelength of the core materials toward the one of the shell material with an increasing shell thickness.42 A good way to prove that the nickel sulﬁde absorbance band is indeed a LSPR is therefore to grow a nickel sulﬁde shell around a plasmonic core which consists of a diﬀerent material. Preferably, the core material is one with a lower resonance frequency because in case of a nonplasmonic shell the LSPR of the core will be shifted bathocromically, since the dielectric permittivity of the shell material will in most cases 7374
 
 DOI: 10.1021/acs.chemmater.7b02259 Chem. Mater. 2017, 29, 7371−7377
 
 Article
 
 Chemistry of Materials
 
 Ni3S2 shell thickness. The achievable LSPR positions range from the LSPR position of the pure gold particles toward the absorbance feature of the pure Ni3S2 nanoparticles which were discussed earlier (see Figure 6F). This leads to the conclusion that the shell is indeed plasmonic itself, since any sort of dielectric shell around the gold particles would have resulted in a bathochromic shift as shown multiple times in the literature.43,44 Hence, Ni3S2 could be used as an alternative material for plasmonic core−shell nanoparticles, allowing the hypsochromic shifting of the resonance frequency of diﬀerent materials which exhibit a LSPR at longer wavelengths (e.g., Au nanodots or -rods). While this is in principle also possible using Ag or other noble metals as particle shell, a chalcogenide type material could be of interest due to its signiﬁcantly altered surface properties compared to a pure noble metal surface and also because of its cheaper price.
 
 Figure 5. UV/vis/NIR absorption spectra of aggregated Ni3S4 nanorods with an AR of 4.6 in chloroform before and after ultrasonication. In the aggregated state, there is a strong and broad absorption in the IR regime of the spectrum because of plasmonic coupling between the nanoparticles.
 
 ■
 
 CONCLUSION In this work, we present an investigation of the localized surface plasmon resonance of nickel sulﬁde nanostructures. A new synthesis procedure to obtain highly monodisperse Ni3S2 nanodots was developed. These show a distinct absorbance feature in the visible regime of the electromagnetic spectrum which can be shifted bathochromically by increasing the dielectric permittivity of the surrounding medium. Additionally, transient absorption spectroscopy measurements yielded results (e.g., a very short-lived bleaching of the plasmon resonance in the picosecond time regime) which are characteristic for plasmonic materials. Furthermore, Ni3S4 nanorods with diﬀerent aspect ratios were synthesized by slightly altering an existing method. Their absorption at large wavelengths rises with an increasing aspect ratio of the particles due to an emerging longitudinal LSPR mode. They also show a bathochromically shifted and broadened absorption upon
 
 be much larger than the one of the organic solvent surrounding the core particles. If a hypsochromic shift can be achieved by growing nickel sulﬁde on a plasmonic core, this would be a very strong indicator for plasmonic properties of nickel sulﬁde. For this reason, diﬀerent amounts of nickel sulﬁde (Ni3S2) were grown onto previously synthesized gold seeds. By varying the amount of added Ni and S precursors, Au−Ni3S2 core−shell particles with diﬀerent shell thicknesses were successfully synthesized (see Figure 6A−C). The HR-TEM and electron diﬀraction analysis (see Figure 6D, E, respectively) clearly show that the shell material is Ni3S2. Additionally, this was conﬁrmed by X-ray diﬀraction measurements (see Figure S7). The nanoparticle dispersions also show an absorbance band which is continuously hypsochromically shifted with an increasing
 
 Figure 6. (A−C) TEM micrographs of Au−Ni3S2 NPs with a (A) thick shell, (B) a thin shell, and (C) pure Au particles. (D) HR-TEM image of a single core−shell particle with a thick shell. The highlighted lattice planes are attributed to the (1 0 1) planes of Ni3S2. (E) Electron diﬀraction pattern of a sample of Au NPs with a thick Ni3S2 shell. All reﬂections can be attributed to either Au or Ni3S2. (F) Normalized UV/vis/NIR absorbance spectra of the shown NPs in comparison with pure Ni3S2 particles. With increasing shell thickness the absorbance maximum gradually shifts from the LSPR position of pure Au NPs toward that of pure Ni3S2 NPs. 7375
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 aggregation which we attribute to plasmonic coupling between the particles. Finally, Au−Ni3S2 core−shell nanoparticles were synthesized for the ﬁrst time. The absorbance band of these particles gets hypsochromically shifted compared to that of the pure Au seeds depending of the thickness of the Ni3S2 shell. This is the expected optical behavior for a plasmonic core−shell particle which shell has a higher resonance frequency than the core. All ﬁndings agree with the interpretation that the absorption band of various nickel sulﬁde nanoparticles can indeed be assigned to a localized surface plasmon resonance, expanding the material class of plasmonic materials with resonances in the visible spectral range further beyond the traditional noble metals.
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