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Abstract 

Carbon dots (CDs) are carbon-based nanoparticles (NPs) displaying remarkable light-harvesting 

properties. In this work, we have investigated for the first time the possibility to use CDs to photosensitize 

polyoxometalates (POMs). For this purpose, we have thus engineered positively charged carbon dots 

allowing electrostatic interactions with anionic Dawson-type POMs. Following the formation of these 

new POM-CDs complexes, an efficient photoinduced electron transfer between photoexcited CDs and 

POMs allows the reduced POM to perform reduction reactions. The reduction of silver ions into silver 

nanoparticles (AgNPs) has been chosen as a model reaction. 
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1. Introduction 

 

Photocatalytic processes currently attract an extremely wide scientific interest [1–3]. This is motivated 

by the powerful potential applications in tackling many important environmental and energy challenges 

at a global level. Indeed, many new photocatalysts which are developed and engineered are tailored in an 

economically sustainable manner and are able to perform different processes such as the degradation of 

pollutants [4,5] and the generation of green energy [6,7]. In particular considerable efforts are devoted to 

the enhancement of the photocatalytic activity of several materials, with the target of optimizing the use 

of solar energy. While the most effective photocatalysts are generally active only in the UV-domain, a 

useful approach consists in combining photocatalysts with photosensitizers so to harvest visible light. 

Commonly used photosensitizers include molecular dyes, metal and semiconductor nanoparticles [8,9]. 

Nevertheless, organic dyes generally possess limited photostability while inorganic sensitizers often 

contain precious metals. In addition, while semiconductor nanoparticles such as quantum dots are often 

more photostable than molecular dyes, they are generally regarded as toxic. Thus, a key requirement for 

achieving a sustainable photocatalytic system is the development of efficient environmentally-friendly 

and low-cost light harvesters. 

Carbon dots (CDs) constitute an emerging class of optically active carbon nanomaterials discovered 

only a few years ago [10,11]. They are small (generally less than 10 nm) carbon based and highly surface-

functionalized nanoparticles, displaying very bright fluorescence and intense absorption bands often 

covering most of the visible domain. Moreover, they are not expensive to synthesize and have low 

toxicity, but most importantly they possess excellent photostability. As a consequence, CDs are often 

regarded as a promising alternative to molecular dyes and semiconductor particles for a wide range of 

applications especially as photosensitizers in photocatalytic processes. 

Despite their promising properties, CDs are currently under-explored in photocatalytic applications. 

Several studies have focused on the coupling of CDs with semiconductors (TiO2, CoO, Cu2O, Fe2O3…) 

where the role of CDs to enhance their photocatalytic activity is undeniable [12–17]. Indeed, CDs can 
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promote interfacial charge carrier separation of semiconductors and consequently decrease charge-carrier 

recombinations [18]. Moreover, similarly to other carbon materials, they can also increase the 

conductivity of semiconductors [19,20]. However, a photosensitizing effect with a clear proof of an 

electron transfer between the excited CDs and the photocatalyst has yet to be shown. 

In this context, we have very recently reported the evidence of a spontaneous electrostatic coupling 

between positively charged CDs and a Dawson-type POM, the [P2W18O62]6− anion [21]. Ultrafast transient 

absorption spectroscopy has allowed to evidence within this CDs-POM hybrid a highly efficient electron 

transfer resulting in a charge-separated state formed within 120 fs from photo absorption. Additionally, 

POMs are known as UV photocatalysts able to exchange rapidly and reversibly a large number of 

electrons [22–29], and as visible light photocatalysts when coupled to judicious photosensitizers to 

enhance their solar harvesting efficiency [30–35]. As a consequence, we believe these new CDs-POM 

nanohybrids to be very promising for photocatalytic applications, in particular for reduction processes. 

As a proof of concept, we have investigated the photoreduction of silver ions using CDs coupled with 

several Dawson-type POMs. Indeed, the photoreduction of silver ions is often chosen as a model reaction 

for photocatalyst tests, particularly when using POMs: in fact such a reaction is already well documented 

and the underlying mechanism well described under UV illumination [22]. 

 

2. Experimental section 

 

2.1. Synthesis of CDs 

 

The synthesis procedure of CDs was adapted from the literature [36]. 250 mg of crushed down 

crystalline pyrene powder were dispersed in 20 mL of 70% HNO3. The mixture was then heated overnight 

at 80°C under reflux and vigorous stirring in order to proceed to the nitration of the pyrene. The resulting 

1,3,6-trinitropyrene was recovered as a yellow powder via vacuum filtration and then mixed to a 75 mL 

of 0.4 M ammonia and 1.5 M hydrazine aqueous solution. The mixture was sonicated for 1 hour before 
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its transfer into a 125 mL Teflon-lined autoclave. The sealed autoclave is then placed into a 200°C oven 

overnight. The obtained CDs were finally separated from unreacted carbonaceous material through 

vacuum filtration and were obtained with a yield of 75%. 

 

2.2. Synthesis of POMs 

 

K6[P2W18O62] and Na12[α-P2W15O56] (used for the synthesis of Dawson-derived sandwich POMs) were 

prepared according the method published by Contant [37]. K6[P2W18O62] was obtained with a yield of 

70%. 

Tetranuclear Dawson-derived sandwich POMs were synthesized according a protocol adapted from 

Finke et al.[38]. 

Na16[Co4(H2O)2(P2W15O56)2]·51H2O: Co(NO3)2.6H2O (0.73 g, 2.25 mmol) was dissolved in 50 mL of 

1 mol L-1 aqueous solution of NaCl. Na12[α-P2W15O56]·24H2O (5.00 g, 1.13 mmol) was then added and 

dissolved by heating and stirring. The original light pink solution became a homogeneous red-brown 

solution that reflected green. The solution was then cooled at 5 °C overnight. Patches of a crystalline 

green-brown product formed on cooling. When collected, the product lost its crystalline form and 

immediately became an amorphous green-brown solid. The product was dried at 60 °C under vacuum for 

30 min. Yield: 83% (3.99 g, 0.46 mmol). 31P NMR (D2O): δ = 6.8 and 1483 ppm. 

Na16[Zn4(H2O)2(P2W15O56)2]·50H2O: ZnCl2 (0.32 g, 2.35 mmol) was dissolved in 1 mol L-1 of aqueous 

solution of NaCl (50 mL) with stirring. Na12[α-P2W15O56]·24H2O (5.00 g, 1.13 mmol) was then slowly 

added under vigorous stirring. The solution was heated at 60°C for 15 min and then filtered hot. The white 

crystalline solid collected was then dried in air. Yield: 87% (4.59 g, 0.51 mmol). 31P NMR (D2O): δ = -

13.95 and -3.92 ppm. 
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2.3. Photocatalysis experiments 

 

Irradiation was performed using a 500 W-Xe lamp equipped with an optical fiber, an IR and an UV cut-

off filters to avoid warming of the solution and direct photoactivation of POMs. The samples consisted of 

4 mL of aqueous solutions of Ag2SO4 (4 × 10-5 mol L-1), POM (10-5 mol L-1), CDs (25 mg L-1) and propan-

2-ol (0.13 mol L-1) in a quartz cuvette of 1 cm path length. The pH was adjusted to 4 using HCl to ensure 

the electrostatic interaction between POMs and positively charged CDs. Solutions were finally deaerated 

by bubbling argon and then sealed. All experiments were carried out at room temperature. 

UV-vis absorption spectra were obtained on a Perkin Elmer LAMBDA 1050 spectrophotometer. 

Transmission electronic microscopy (TEM) observations were performed with a JEOL 100 CXII TEM 

instrument operated at an accelerating voltage of 100 kV.  

 

3. Results and discussion 

 

3.1. Characterization of CDs 

 

CDs were synthetized by hydrothermal method using trinitropyrene in a reducing medium in order to 

obtain CDs with amine groups attached to their surface. High-resolution transmission electronic 

microscopy (HR-TEM) images of the obtained CDs are shown in Fig. 1, displaying dots approximately 

sized 5 nm. The contrast of the images is poor due to the use of TEM copper grids coated with amorphous 

carbon. Nonetheless, we can distinguish lattice planes and the Fast Fourier Transform (FFT) of the images 

was calculated to investigate the CDs core structure. The measurements revealed lattice spacings of 2.1, 

2.5 and 2.9 Å, which are consistent with diffraction planes generally observed for CDs [39]. 
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Fig. 1. A and C) HRTEM images of CDs; B and D) FFT respectively calculated from (A) and (C); 

the planar distances responsible for the observed diffraction peaks are indicated. 

 

In acidic medium, the amine groups attached to the surface of the CDs can be easily protonated leading 

to positively charged ammonium groups. The electrophoretic mobility of CDs was measured before and 

after acidification to observe the changes in surface charge due to the change of the protonation state of 

the organic groups present on the CDs surface. The resulting ζ-potential distributions measured at pH 9.8 

and 4 are shown in Fig. 2. It appears that the ζ-potential value can be tuned from -18.5 mV to +10.3 mV 

by decreasing the pH of the solution. As a consequence, in acidic conditions, we obtain positively charged 

CDs which can ensure electrostatic interactions with anionic POMs. 

 

 

Fig. 2. ζ-potential distributions displayed by CDs at pH 9.8 and 4. 

 

3.2. Fluorescence evidence of the interaction between POM and CDs 
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Following the previous results, in all experiments the pH of CDs solutions was adjusted to 4, so to 

ensure the protonation of organic moieties present on the nanoparticles surface. As observed in Fig. 3. A, 

the fluorescence intensity of positively charged CDs rapidly decreases upon addition of [P2W18O62]6− 

(indicated as {P2W18}). This quenching has been recently described as the result of a fast electron transfer 

between the excited CDs and the POM, which has been studied in details elsewhere [21]. Similar behavior 

has been observed for the two other POMs used in this study, namely [Co4(P2W15O56)2]16− ({Co4P4W30}) 

and [Zn4(P2W15O56)2]16− ({Zn4P4W30}), as evidenced by the strong quenching of the fluorescence of the 

CDs upon addition of these two tetranuclear Dawson-derived sandwich POMs (Fig. 3. B and C). 

 

 

Fig. 3. Emission spectra of CDs at pH 4 after addition of A) {P2W18}, B) {Zn4P4W30} and C) 

{Co4P4W30} at the indicated concentrations. 

 

3.3. Photoreduction of Ag+ ions using CDs/{P2W18} complex 

 

Experiments were performed on aqueous CDs/{P2W18} solutions obtained at a POM concentration 

equal to 10 µM. 8 equivalents of Ag+ ions compared to POM were added to the solution previously 

acidified to pH 4. Finally, an organic substrate (propan-2-ol) was used as sacrificial electron donor and 

the deaerated aqueous solution was then placed under visible light irradiation (> 400 nm). The light 
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assisted formation of silver nanoparticles was followed by observing the growth of their plasmon band as 

a function of irradiation time. 

As shown in Figure 4. A, the silver plasmon band quickly starts growing around 450 nm upon light 

exposure. After 200 min of irradiation, the optical absorption spectra do not evolve any more, indicating 

the end of the reaction and the total reduction of Ag+ ions into Agn clusters. The plasmon band is broad 

and asymmetrically elongated towards the low energy side of the spectrum. The molar extinction 

coefficient per Ag0 atom is evaluated to be around 4400 dm3 mol-1 cm-1 at the peak maximum (460 nm). 

This spectral feature indicates the formation of large particles of non-spherical shape and/or with a 

heterogeneous size distribution. The plot of the time evolution of the absorbencies at the wavelength 

corresponding to the maximum of the plasmon band (Fig 4 .B, 460 nm) allows us to follow the formation 

of silver clusters and to estimate the initial photoreduction rate which is found to be around 2× 10-6 mol 

L-1 min-1. This value is of the same order of magnitude as those determined for Ag+ ions photoreduction 

by {P2W18} alone under UV illumination [22]. 

 

 

Fig. 4. A) UV-vis absorption spectra measured under visible illumination of a deaereted aqueous 

solution of 40 µM of Ag2SO4 containing 10 µM of {P2W18}, 25 mg L-1 of CDs and 0.13 M of propan-2-

ol. B) Temporal evolution of the absorbance at 460 nm during visible illumination of the previous 

solution. 
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The HR-TEM images (Fig 5. A) confirm the formation of silver nanoparticles upon illumination. The 

nanoparticles we obtained possess mono- or poly-crystalline structure and are quite inhomogeneous in 

shape and size (between 20 and 100 nm) in accordance with the shape of their plasmon band. We can then 

measure the observed plane spacing by calculating the FFT of the image of selected particles (Fig 5. B to 

E). Most nanoparticles, both mono- and poly-crystalline, present a lattice spacing of 2.4 Å, corresponding 

to {111} reflections of face-centered cubic (fcc) silver (JCPDS file 04-0783). Lattice spacings equal to 

2.0 and 1.4 Å can also be measured and are consistent with the {002} and {022} silver metal planes, 

respectively. 

 

 

Fig. 5. A, B and D) HRTEM images of silver nanoparticles obtained during visible illumination of a 

deaerated solution of Ag2SO4 in the presence of CDs/{P2W18} complex; C and E) FFT respectively 

calculated from (B) and (D); the planar distances responsible for the observed diffraction peaks are 

indicated. 

 

Control experiments were carried out to check for photocatalytic activity of each single component of 

the system and when solutions were left in the dark without irradiation. When {P2W18} was used without 

CDs, the absorption spectra did not show the growth of the plasmon band (Fig. S1 and 4. B), meaning 
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that {P2W18} alone is not photoactive under visible irradiation. Irradiation of solution containing CDs 

without {P2W18} leads to a non significant modification of the absorption spectra (Fig. S1 and 4. B), 

indicating the concomitant action of POM and CDs when the photoreduction process occurs. Finally, 

when the solution of the CDs/{P2W18} complex with Ag+ ions was investigated without irradiation, no 

nanoparticles were formed. These control experiments prove that silver nanoparticles need light to start 

forming and that only CDs can absorb the provided visible radiation. It can be mentioned that up-

conversion phenomenon has been described in several articles to explain photosensibilization of 

CDs in the visible [40,41]. Nevertheless, the CDs used in this work present directly a high 

absorbance at the blue end of the visible spectrum reaching up to 500 nm. Moreover, a complete 

study of the fluorescence of these CDs has been published elsewhere, and no up-conversion effect 

has been observed. So, to explain the photosensibilization in the visible domain we can assume a 

direct absorption in the absorption band in the visible part of the spectrum. 

According to our previous results, an efficient electron transfer can then occur between excited CDs 

and {P2W18} [21]. This electron transfer provides precious insight on the Ag+ reduction mechanism. 

Indeed, this electron transfer leads to the reduction of POM and consequently to the oxidation of CDs: 

��� − ��� 
	ν
→ ����� − ���� 

Then CDs should be regenerated by scavenging an electron from the propan-2-ol, leading to the 

formation of the alcohol radical (CH3)2C•OH: 

����  +  � ����������  →  ��� +  � ���������� + � � 

However, the redox potential of (Ag+/Ag0) couple appears to be too low (E = -1.75 V / NHE [42,43]) 

to allow the direct reduction of Ag+ ions by reduced {P2W18}. Indeed, whatever the reduction degree of 

the POM, the thermodynamic is not favorable since the redox potentials of the POM couples vary from 

0.1 V down at most to -0.9 V / NHE. Nevertheless, Ag+ ions can complex with the alcohol radical 

according the reaction [42]: 

���������� +  ��  → �������������� 
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Then the formation of this complex may change the value of the redox potential of silver and make it 

favorable the Ag+ reduction [42]: 

�������������� + ��  → ���
 +  �������� +  � 

After this initial step, the association and coalescence of the Ag+ ions with initial small Agn
+ clusters 

would drive the growth of the silver particles: 

� ���
  → ���

�
 

���
� + ���

�  → ������
���� 

Indeed, as the redox potential of silver clusters increases with their nuclearity [43], the direct reduction 

of the Agn
+ clusters by the reduced POM becomes thermodynamically favorable: 

����� +  ���
�  → ��� + ���  

The mechanism illustrating the different steps involved in the reduction of silver ions from 

CDs/{P2W18} under visible illumination is summarized Scheme 1. 

 

Scheme 1. Proposed mechanism explaining the reduction of silver ions from CDs/{P2W18} under 

visible illumination. 
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3.4. Photoreduction of Ag+ ions using CDs/{Co4P4W30} and CDs/{Zn4P4W30} complexes 

 

We have similarly investigated the photocatalytic activities of the two other CDs/POM complexes 

obtained from tetranuclear Dawson-derived sandwich POMs. Photocatalytic tests have been performed 

under the same experimental conditions. Figures 6. A and B show the absorption spectra recorded during 

the visible illumination of the two solutions containing CDs, POMs, Ag+ ions and propan-2-ol at the 

previously indicated concentrations. In both cases, the reduction of Ag+ ions is evidenced by the 

appearance of the plasmon band of silver nanoparticles around 420 nm and its intensity increase over the 

time reaction. The blue-shift of the plasmon band compared to the one obtained using {P2W18} indicates 

the formation of smaller nanoparticles. Moreover, this plasmon band exhibits a more sharped shape 

compared to that observed during the previous experiment with {P2W18}, with a higher molar extinction 

coefficient value (10000 and 7500 dm3 mol-1 cm-1, respectively for {Co4P4W30} and {Zn4P4W30}). This 

feature usually traduces a reduction of the size of the nanoparticles. The TEM images finally confirm the 

formation of smaller silver nanoparticles, with sizes ranging between 10 and 50 nm (Fig. 6. C and D). 

By observing the time evolution of the absorbance at the maximum of the plasmon band at 420 nm (Fig. 

7), we can estimate the initial rate of Ag+ ions reduction to be 5,3 × 10-6 mol L-1 min-1, which is higher to 

the kinetic rate measured with the POM {P2W18}. As a consequence, it appears that the Dawson-derived 

sandwich POMs {Co4P4W30} and {Zn4P4W30} promote much more effectively the nucleation phase of 

the silver nanoparticles compared to the Dawson POM {P2W18}, probably because of their ability to 

exchange a larger number of electrons. 
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Fig. 6. UV-vis absorption spectra measured under visible illumination of a deaerated aqueous solution 

of 40 µM of Ag2SO4 containing 10 µM of A) {Co4P4W30} or B) {Zn4P4W30}, 25 mg L-1 of CDs and 

0.13 M of propan-2-ol; HRTEM images of silver nanoparticles obtained during visible illumination of a 

deaerated solution of Ag2SO4 in the presence of C) CDs/{Co4P4W30} and D) CDs/{Zn4P4W30} 

complexes. 

 

 

Fig. 7. Temporal evolution of the absorbance at 420 nm during visible illumination of the previous 

silver solutions using CDs/{Co4P4W30} and CDs/{Zn4P4W30} complexes as catalysts. 
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As before, control experiments using {Co4P4W30} (Fig. S2) and {Zn4P4W30} (Fig. S3) alone have 

also been performed, but the absorption spectra did not show the growth of the plasmon band, 

meaning that these two POMs are not photoactive under visible irradiation when used alone. 

 

4. Conclusion 

 

To conclude, we have managed to show how CDs/POM complexes are versatile hybrid devices capable 

of an applicative electron transfer. Through the photoreduction of silver ions we have been able to 

demonstrate how CDs can act as electron relays to enhance the catalytic performances of several POMs. 

This kind of evidence shows we have been successful in photosensitizing POMs via CDs. 

This leaves us very optimistic on the wide array of the applicative possibilities of our hybrids. For 

example, due to the wide range of POM structures having well defined photocatalytic properties [44–46], 

such new POM-CDs complexes could be used in water depollution processes for the reduction and 

recovery of valuable heavy metals as well as in the reduction of protons into hydrogen. Moreover, 

reactions involving the reduction of metals could also be combined with the degradation of organic 

pollutants in place of a sacrificial electron donor. More generally, we open the route to consider CDs as a 

new family of cheap and environmentally friendly photosensitizers for photocatalytic applications. 
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