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Abstract 

Nickel@carbon dots hybrid material (Ni@C-dots) was prepared through a 

simple reduction route and characterized by transmission electron microscopy (TEM), 

X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), X-ray 

photoelectron spectroscopy (XPS) and fluorescence spectroscopy. Additionally, the 

hybrid material was tested as a catalyst to reduce toxic Cr (VI) to nontoxic Cr (III), 

and UV-vis spectrophotometer was employed to monitor the reduction process. 

According to the results, Ni@C-dots hybrid material showed excellent hydrophilicity, 

good stability, and highly catalytic activity under room temperature. 

1. Introduction  

Carbon dots, a new type of photoluminescence (PL) carbon nanomaterial, were 

first obtained during purification of single-walled carbon nanotubes in 2004.1 In the 

past decade, carbon dots had attracted numerous interests because of the high 

photostability and lack of cytotoxicity, and C-dots had been reported to possess many 

significant properties such as bioimaging, 2-6 sensing, 7-10 and photocatalysis al etc.11-14 

Moreover, C-dots was also as an excellent supports for nucleation and growth of the 

pristine nanocrystals due to the oxygen-containing functional groups on the 

surface.15,16 On the other hand, metal nanoparticles (NPs) had emerged as a new class 

of materials and received considerable attention due to their unique electronic, optical, 

magnetic and catalytic properties.17 However, few works had been reported about the 

metal nanoparticles supported on C-dots until now. 15,16,18,19 The combination of metal 

nanoparticles (Pd15,16, Ag16,18, Cu16, Au19) and C-dots provide a successful integration 
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to the properties of the two components in the new hybrid materials.  

To our knowledge, Cr (VI) was a leading contaminant in most hazardous waste 

sites and also known as a proven mutagen and a carcinogen. However, Cr (III) was 

believed to be an essential element to human metabolism.20 Sadik et al. had used 

colloidal palladium nanoparticles to rapidly catalyze the reduction of Cr (VI) to Cr 

(III).20 Goutam et al. had prepared Ni-RGO composite as a catalyst to reduce Cr (VI). 

21 PdNP-supported mesoporousγ-Al2O3 film was also used as a catalyst for the 

reduction of Cr (VI).22 In addition，nickel nanoparticles had been proved with 

important applications in catalysts and magnetic materials.23 Herein, we had prepared 

a novel Ni@C-dots hybrid material by a simple reduction route in the presence of 

C-dots and the hybrid material was tested as a catalyst to reduce Cr (VI) to Cr (III). 

Fluorescence spectroscopy was an attractive technique that had proven to be a 

powerful research tool in many research fields, such as chemistry, biology and 

materials science.24-25 Because most catalysts and substrates had no fluorescence 

(detectable signal), fluorescence spectroscopy had rarely been applied to investigate 

of catalytic reactions. In principle, the intrinsic fluorescence of C-dots could be 

exploited to understand the photophysical properties of the catalyst and its catalytic 

mechanisms, which could be used to aid the design of new catalysts. 

2. Experimental Section 

2.1. Chemicals 

Nickel (II) Chloride (NiCl2·6H2O, Beijing Chemical Works, ≥98%), sodium 

borohydride (NaBH4, Sinopharm Chem. Reagent Co., Ltd, ≥96%), citric acid 
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monohydrate (CA, ≥ 99.5%), sodium hydroxide (NaOH, ≥ 96%), hydrazine 

monohydrate (H2NNH2·H2O, ≥ 80%), formic acid (HCOOH, ≥ 98.5%) and 

ethylene glycol (HOCH2CH2OH) were purchased from Tianjin Guangfu Reagent 

Company. Potassium dichromate (K2Cr2O7, Tianjin chemical regent research institute,  

≥99%), nickel (II) acetylacetonate (Ni(acac)2, Tokyo Chemical Industry Co., Ltd , 

99%), oleylamine, (Beijing J＆K Reagent Company), trioctylphosphine (TOP, 

Chengdu Aceda Chem. Reagent Co., Ltd, 90%). All reagents and solvents were of 

analytical grade and directly used without further purification. 

2.2. Instrument 

The transmission electron microscope (TEM) images were obtained from a 

JEM-2100 transmission electron microscope at an acceleration voltage of 120 kV. The 

samples were dispersed in ethanol and then dried on a holey carbon film Cu grid. 

Dynamic light scattered (DLS) was got on a BI-200SM (USA Brookhaven). XRD 

measurements were performed on a X-ray diffractometer (D/max-2400pc, Rigaku, 

Japan) with Cu Kα radiation (λ = 1.54178 Å), with operating voltage and current at 40 

kV and 60 mA, respectively. The 2θ range was from 10 to 80 in steps of 0.02o. For 

XRD observations, the samples were dispersed in aqueous solution and then dried on 

a glass slide. The Fourier transform infrared Spectroscopy (FTIR) spectra were 

measured by Nicolet 360 FTIR spectrometer with the KBr pellet technique. X-ray 

photoelectron spectra (XPS) were measured on a PHI-550 spectrometer by using the 

Mg Kα radiation (hν = 1253.6 eV) photoemission spectroscopy with a base vacuum 

operated at 300 W. 
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2.3. Steady-state UV––––vis absorption and fluorescence spectroscopy 

The absorbance of reduction process was recorded on a UV−visible spectrometer 

(Cary 100) at room temperature. The steady-state excitation and emission spectra 

were obtained from a FLS920 spectrofluorometer. Freshly prepared samples in 1 cm 

quartz cells were used to perform all UV–vis absorption and emission measurements.  

2.4. Time-resolved fluorescence spectroscopy 

Fluorescence lifetimes were measured on an Edinburgh Instruments FLS920 

equipped with different light emitting diodes (excitation wavelength 330 nm and 360 

nm), and used the time-correlated single photon counting technique26 in 2048 

channels at room temperature. The sample concentrations were adjusted to optical 

densities at the excitation wavelength (330 or 360 nm) < 0.1. The monitored 

wavelengths were 440nm, 450nm, and 460nm.  

Histograms of the instrument response functions (using a LUDOX scatter) and 

sample decays were recorded until they typically reached 5.0 ×103 counts in the 

peak channel. Obtained histograms were fitted as sums of the exponentials, using 

Gaussian-weighted nonlinear least squares fitting based on Marquardt–Levenberg 

minimization implemented in the sofware package of the instrument. The fitting 

parameters (decay times and preexponential factors) were determined by minimizing 

the reduced chi-square χ2. An additional graphical method was used to judge the 

quality of the fit that included plots of surfaces (“carpets”) of the weighted residuals 

vs. channel number. All curve fittings presented here had χ2 values < 1.1. 

All measurements were done at 20oC. 
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2.5. Preparation of C-dots 

C-dots were prepared according to a reported method.27 Citric acid monohydrate 

(2 g) was heated hydrothermally in a Teflon-equipped stainless-steel autoclave at 200 

oC for 3h. After cooling to room temperature, the orange syrup product was 

neutralized with NaOH solution (1 mol L-1) and further dialyzed against double 

distilled water through a dialysis membrane (MWCO of 1 KDa). 

2.6. Synthesis of Ni@C-dots 

Typically, an amount of nickel chloride was dissolved directly in ethylene 

glycol, and 10 ml NiCl2•6H2O solution (45 mM) was mixed with 10 mL C-dots 

aqueous suspension in a 100 mL round bottom flask. Hydrazine hydrate (1.125 g) 

was then added to the mixture and maintained the concentration at 0.9 M. The 

mixture was kept vigorous stirring at 60 oC for 10 min. Subsequently, 5 mg mL-1 

NaBH4 was added dropwise to initiate the reaction. The royal purple solution was 

changed to dark which indicated the formation of Ni nanoparticles and kept stirring 

for another 1h at 60 oC. The crude product was isolated through centrifugation and 

washed with absolute alcohol. After that, the pure product was dissolved in aqueous 

solution (5 mg/mL) to generate the colloidal suspension of Ni@C-dots 

nanoparticles.  

2.7. Reduction of Cr (VI) 

A UV-vis spectrophotometer was used to monitor the reduction process by 

observing the mixture absorbance changes between 300 and 500 nm. Typically, 10mL 

Cr (VI) (1 mM), 1 mL formic acid (98.5%) and 9 mL H2O were added to 50mL 
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beaker and adjusted the PH of the mixture to 2.0. The absorption spectrum was 

recorded just after preparation of this solution, 0.5 mL of colloidal Ni@C-dots 

nanoparticles were then added to the reaction mixture and absorption spectra were 

recorded in 2 min intervals. Similarly, the control experiments were also conducted. 

3. Results and discussion 

3.1. Characterization of C-dots and Ni@C-dots 

The morphology and microstructure of the obtained C-dots and Ni@C-dots were 

characterized by TEM and dynamic light scattered (DLS). Fig. 1 demonstrated the 

morphology and the size of the prepared C-dots. The morphology of prepared C-dots 

was regularly spherical with an average diameter about 5 nm. Dynamic light 

scattering (DLS) analysis also showed that the average hydrodynamic diameter of 

C-dots was 4.4 nm (Figure. 1c). 

The morphology of Ni@C-dots hybrid material was different comparing with that 

of C-dots. Fig. 2 showed the typical TEM images of the Ni@C-dots with core-shell 

nanostructures. It was formed with an ultrathin C-dot layer about 2 nm on the Ni 

nanoparticles (NPs) surface. Each composite NPs had a low contrast shell of 

continuous C-dot layers which wrapped a high contrast Ni core and indicated the 

formation of core-shell structures. Fig. 2c exhibited the HRTEM image of Ni@C-dots 

and it also demonstrated that the Ni cores were coated by ultrathin C-dots shells. The 

selected area electron diffraction (SAED) pattern of Ni@C-dots displayed the 

diffraction rings assigning to face-centered cubic (fcc) Ni (111) plane (Fig. S1†). 
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Fig. 1 (a, b) TEM images of C-dots with different magnifications. (c) Size distribution 

of C-dots. 

 
Fig. 2 (a, b) TEM images of Ni@C-dots with different magnification. (c) HRTEM 

image of Ni@C-dot nanoparticles. 

The powder XRD spectra of C-dots showed a broad peak centred at 2θ= 

23°(Fig. S2†), and Ni@C-dots showed a simple combination of an intense peak of 

C-dots at 2θ= 23° and small peaks of fcc nickel(2θ=44.5°)28 (Fig. 3). 
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Fig. 3 XRD spectra of Ni@C-dots deposited on a glass slide. 

Addtionally, the FTIR spectra showed that the C-dots exhibited characteristic 

stretching vibrations absorption bands of O-H at 3434 cm-1, C=O at 1761 cm-1 and 

1565  cm-1. Notably, the C=O stretching peak of carbonyl at 1761 cm-1 was 

disappeared when they were involved in NiNP formation, which might attribute to the 

bonding interactions between the carboxylate groups and the metal (Fig. 4).16 
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Fig. 4 FTIR spectra of C-dots and Ni@C-dots dried from aqueous suspension using 

KBr pellets. 

In order to get further structural evidence, the XPS analysis of the Ni@C-dots 

was conducted (Fig. 5), and revealed three atom peaks at 289.5, 535.4 and 859.9 eV, 

which attributed to C, O and Ni atoms, respectively.29 
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Fig. 5 XPS survey of the Ni@C-dots.  

3.2 Optical properties 

UV/Vis absorption spectra of C-dots dissolved in aqueous solution were depicted 

in Fig. 6a. The C-dots solution showed a broad UV/Vis absorption below 500 nm 

without any obvious peak, which was similar to the literature reported.27  NiNPs had 

no ultraviolet absorption peak comparing with Au, Ag or other metal nanoparticles. 

For example, Au and Ag NPs had a typical plasmon absorption peak at 543 nm 19 and 

418nm, 30 respectively. Hence, the UV/Vis absorption spectra of Ni@C-dots was 
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similar to the C-dots ( Fig. 6a). 

To further explore the optical properties of the prepared C-dots, a detailed 

photoluminescence study was carried out by using different excitation wavelengths 

(Fig. 6b), and the results showed that the corresponding emissions of the C-dots 

covered from blue to green wavelength range. The most intense PL of the C-dots 

dispersion appeared at 449 nm upon excitation at 340 nm. The emission bands shifted 

with the increased excitation wavelength, which revealed a distribution of the 

different surface energy traps toward the C-dots.31,32 The fluorescence emission 

intensity of C-dots decreased following the increased excitation wavelength (longer 

than 340 nm). Recently, we had reported the photoluminescent properties of 

Ni@SiO2–C-dots magnetic nanocomposite not only in solution but also in the solid 

state29. In this contribution, Ni@C-dots showed excellent hydrophilicity than 

Ni@SiO2-C-dots magnetic nanocomposite. The photophysical properties of 

Ni@C-dots in water were quite different when compared with that of 

Ni@SiO2-C-dots magnetic nanocomposite. The PL emission spectra and 

photoluminescent intensity of Ni@SiO2-C-dots magnetic nanocomposite in ethanol 

could be observed with the change of the excitation wavelength. On the contrary, the 

formation of Ni@C-dots here was partly quenched the PL of C-dots as shown in Fig. 

6c. It had been demonstrated that photoexcited C-dots could serve as both electron 

donors and electron acceptors and its photoluminescence could be quenched 

efficiently by either electron acceptor or donor molecules.33 The photoinduced 

electron was transferred from C-dots shells to Ni cores or from Ni cores to C-dots 
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shells. Thus the formation of Ni@C-dots was partly quenched the photoluminescence 

of C-dots.  
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Fig. 6 (a) UV-visible absorption spectrum of C-dots and Ni@C-dots aqueous 

suspension . (b) PL spectra of C-dots aqueous suspension upon excitation at different 

excitation wavelengths. (c) PL spectrum of C-dots and Ni@C-dots aqueous 

suspension excited at 340 nm. 

   To investigate the fluorescence dynamics of C-dots and Ni@C-dots , fluorescence 

decay traces for the C-dots and Ni@C-dots in aqueous solution were collected as a 

function of emission wavelength λem through the single-photon timing technique. (Fig. 

7, Table 1 and Fig. S3–S5†). Each fluorescence decay trace, was analyzed 

individually as a sum of two exponential function in terms of decay times τi and 

associated bi-exponential factors τi. Table 1 summarized the time resolved 

fluorescence data of C-dots and Ni@C-dots in aqueous solution.  

Before an attempt was made to analyze the results, it was worth recapitulating 

the literature data on C-dots and Ni@SiO2-C-dots magnetic nanocomposite. For 

C-dots in ethanol, a tri-exponential function (~1.0 ns, ~5.0 ns and ~13.0 ns) was used 
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to fit the decay at all three emission wavelengths. The fluorescence decay of 

Ni@SiO2-C-dots nanocomposite powder in solid state at λex = 330 or 360 nm can be 

described as bi-exponential function with the contributions of the τ1 (~3.0 ns) and τ2 

(~9.0 ns) components, respectively. In ethanol, at the excitation of λex = 330 or 360 

nm, the fluorescence decays for Ni@SiO2-C-dots magnetic clearly showed 

tri-exponential behaviour(~1.0 ns, ~5.0 ns and ~11.0 ns).29 As we mentioned before, 

because of the C-dots and Ni@C-dots were not the same as the literature reported, the 

photophysical properties of Ni@C-dots in water were quite different when compared 

with that of Ni@SiO2-C-dots magnetic nanocomposite. The fluoresence decay of 

C-dots in this article was fitted to the bi-exponential profile (λex= 330 nm), the fast 

component (τ1= ~1. 6ns) had the amplitude of about 39 %, whereas the contribution 

of the (τ2= ~5.3ns) component was about 61 %. The different emission wavelengths of 

C-dots did not induce a obvious change in the fluorescence decay. The third lifetime 

could not be determined, which might due to it had an almost negligible contribution 

corresponding to the decay time. Fluoresence decay for Ni@C-dots also revealed 

bi-exponential profile, the longer lifetime decreased (~5.3 to ~2.5 ns) along with an 

decreased in the amplitude (~61% to ~13%). The shorter component almost remained 

constant (~1.6 to ~1.1 ns), the contribution for this component increased (~39% to 

~87%). For the decay traces displayed in Figure. 7, it was cleared that the 

fluorescence lifetimes of Ni@C-dots decreased (become shorter) when compared with 

that of C-dots. Observation of this decreasing fluorescence lifetime for Ni@C-dots 

was in line with its lower fluorescence intensity than that of C-dots. The difference of 
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steady-state and time-resolved fluorescence spectrum properties between Ni@C-dots 

and C-dots indicated the formation of Ni@C-dots hybrid material. 

 

Fig. 7 Fluorescence decay profiles (λex= 330 nm and λem= 450 nm) of C-dots and 

Ni@C-dots aqueous suspension. 

Table 1 Photophysical Properties of C-dots and Ni@C-dots aqueous suspension. 

Decay times τ1, τ2 and the relative amplitude (%). 
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Compound Excitation 

Wavelength

/nm 

Monitored 

Emission 

Wavelength

/nm 

τ1/ns τ2/ns 

 

 

C-dots 

330 440 1.52(40.83 %) 5.21(59.17%) 

450 1.56(39.49%) 5.27(60.51%) 

460 1.61(38.00%) 5.39(62.00%) 

360 440 1.54(38.29%) 4.93(64.71%) 

450 1.51(37.50%) 4.95(62.50%) 

460 1.61(37.82%) 5.07(62.18%) 

 

 

Ni@C-dots 

330 440 1.03(87.80%) 3.95(12.20%) 

450 1.07(87.39%) 4.99(12.61%) 

460 1.07(87.36%) 5.11(12.64%) 

360 440 1.05(86.08%) 2.54(13.92%) 

450 1.07(86.80%) 2.57(13.20%) 

460 1.09(89.74%) 3.16(10.26%) 

 

3.3 Catalytic properties 

Ni@C-dots catalyzed formic acid to reduce Cr (VI) was monitored by using the 

UV−visible absorption spectrometer . The result displayed the changes in the intensity 

of the absorption peak of Cr2O7
2−at 350 nm. After 10min reaction, the adsorption peak 

of Cr (VI) was nearly disappeared and the color of the solution was changed from 

yellow to colorless in the presence of Ni@C-dots, confirming the complete reduction 

of Cr (VI) to Cr (III) (Fig. 8b).21 The presence of Cr (III) in the colorless solution was 

confirmed by treating it with excess NaOH solution and the solution turned green due 

to the formation of hexahyroxochromate (III).22 Otherwise, the blank experiment 

without the Ni@C-dots did not show any changes in color or adsorption peak of Cr 

(VI), which further proved the catalytic activity of Ni@C-dots (Fig. 8a). Control 

experiments for this reaction were also performed in the presence of bare Ni NPs 28 or 

pure C-dots under standard experimental conditions (S1.2.1-S1.2.2, Fig. S7-S8†). Fig. 
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9 showed the relationship between concentration ratio (C/C0) of Cr (VI) and reaction 

time for different catalysts. The reduction rate was apparently slower in the presence 

of bare Ni NPs than that of the Ni@C-dots hybrid material. On the other hand, C-dots 

did not show any catalytic activity towards Cr (VI) reduction. The above results 

indicated that Ni@C-dots exhibit higher catalytic activity and faster reduction rate 

than NiNPs or C-dots. It was worthy to note that all of catalytic reduction experiments 

were performed at pH = 2.0, and the optimal pH had been previously proposed for 

more effective reduction of Cr (VI) to Cr (III).34 Cr2O7
2− converted to CrO4

2− at higher 

PH and the UV-visible peak position of Cr2O7
2− shifted toward higher wavelength 

with time due to the formation of CrO4
2− ion. 21 

On the basis of the experiment results, a plausible mechanism for this redox 

reaction was proposed. Initially, HCOOH was adsorbed on the surface of Ni@C-dots 

and a redox reaction occured between Ni NPs and HCOOH on the C-dots surface. 

Then HCOOH decomposed to give CO2 and hydrogen (H•). Subsequently, the free 

hydrogen atom reduced the species of Cr (VI) to Cr (III). Fig. S6† showed that the 

morphology of prepared bare Ni NPs was monodisperse and regularly spherical, and 

the morphology of Ni@C-dots hybrid material was different comparing with that of 

bare Ni NPs. The Ni@C-dots hybrid material was core-shell nanostructure and it was 

formed with an ultrathin C-dot layer around the Ni NPs surface (Fig. 2). Noteworthy, 

the reduction step was an electron-transfer process21 and C-dots with excellent 

electron transfer property35 could transfer the electron rapidly to reduce Cr (VI) at 

room temperature. For bare Ni NPs, there was no electronic transmission medium to 
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accelerate the electron transfer, hence, the rate of the reduction reaction dropt to a 

lower level comparing to the Ni@C-dots. 

 

 
Fig. 8 UV−visible spectral evolution with time during the reduction of Cr (VI) by 

formic acid at room temperature in the absence (a) and in the presence (b) of 

Ni@C-dots. Inserts were visible color changes of Cr (VI) under daylight. 
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Fig. 9 The relationship between concentration ratio (C/C0) of Cr (VI) and reaction 

time for different catalysts. 

In order to study the stability of the catalyst, we studied the time resolved 

fluorescence and XPS to the catalyst after the catalytic reaction. Table 2 showed the 

time resolved fluorescence data of Ni@C-dots after catalytic reduction of Cr (VI). 

Table 2 Photophysical Properties of Ni@C-dots after catalytic reduction of Cr (VI). 

Decay times τ1, τ2 and the relative amplitude (%). 

 

Compound Excitation 

Wavelength

/nm 

Monitored 

Emission 

Wavelength

/nm 

τ1/ns τ2/ns 

 

 

Ni@C-dots 

330 440 0.87(91.52%) 3.47(8.48%) 

450 0.88(89.74%) 3.59(10.26%) 

460 0.87(89.34%) 3.74(10.66%) 

360 440 0.85(89.79%) 2.93(10.21%) 

450 0.86(88.30%) 3.10(11.70%) 

460 0.83(86.70%) 2.94(13.30%) 
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Compared with the data before catalytic reduction (Table 1), the time resolved 

fluorescence data of Ni@C-dots after reaction nearly kept constant when took into 

account the errors. It was indicated that Ni@C-dots hybrid material was steady and 

didn’t take part in the reaction process. In order to get further information about the 

chemical state of Ni in the Ni@C-dots before and after catalytic reaction, we 

performed high resolution XPS analysis as shown in Fig. 10. HRXPS of Ni in 

Ni@C-dots before reduction revealed the peaks at 855.8 and 873.7 eV corresponding 

to 2p3/2 and 2p1/2, respectively. After reduction of Cr (VI), the peaks of Ni2P3/2 and 

Ni2P1/2 shifted to 856.9 and 875.1 ev, respectively. Compared to the data before 

reduction of Cr (VI), the HRXPS data of Ni nearly kept constant when took into 

account the errors, which suggested the stability and minimal structural changes of Ni 

nanoparticles during the catalytic reaction. 

 

Fig. 10 HRXPS spectra of Ni in Ni@C-dots (a) before (b) and after reduction of 
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Cr (VI) 

4. Conclusions 

In summary, we had successfully prepared Ni@C-dots hybrid material with 

ultrathin carbon dots shells about 2 nm. The HRTEM clearly revealed the C-dots 

shells and Ni cores. C-dots served as an excellent supports for nucleation to grow 

nanoparticles and to prevent agglomeration. The morphology, structure and optical 

properties of the hybrid material were studied. Further catalytic experiments 

suggested that Ni@C-dots exhibited high catalytic activity towards reduction of Cr 

(VI) to Cr (III) by using formic acid as a reducing agent under room temperature. Our 

studies provide an approach to design novel functional composites and an effective 

catalyst to govern the water pollution. 
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