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Abstract: Hydrophilic platinum-polyoxotungstate colloidal particles formed by a self-

assembly of Cs4[{Pt(OH)2}2‧SiW12O40] were successfully obtained by calcining a cesium salt 

of α-Keggin-type diplatinum(II)-coordinated silicotungstate, Cs4[α-SiW11O39{cis-

PtII(NH3)2}2]⋅11H2O (Cs-Si-Pt), in air at 300 °C. During the thermal treatment, the structure of 

the mono-lacunary Keggin-type silicotungstate ligand {SiW11O39} transformed to that of 

{SiW12O40}, and the diplatinum sites in Cs-Si-Pt transformed to the platinum hydroxides with 

the elimination of the ammonia molecules coordinated to the platinum sites. All four cesium 

ions in Cs4[{Pt(OH)2}2‧SiW12O40] could be ion-exchanged by four tetramethylammonium ions, 

and hydrophilic [(CH3)4N]4[{Pt(OH)2}2‧SiW12O40] colloidal particles were also formed in 

aqueous solution. The calcined sample acted as a photocatalyst for hydrogen evolution from 

aqueous triethanolamine (TEOA) under visible light irradiation (λ = ≥440 nm) in the presence 

of Eosin Y, K5[α-SiW11{Al(OH2)}O39]·7H2O, and titanium dioxide. Although relatively rapid 

deactivation was observed, the turnover frequency was 3588 h–1 after 20 min, and the turnover 

number exceeded 4600 after 3 h of light irradiation. 

 

Keywords: polyoxometalate; platinum; air-calcination; self-assembly; hydrogen production 
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Introduction 
 

Photocatalysts for hydrogen production from water have received much attention because 

hydrogen is critical for the construction of a clean-energy society.[1–3] Among the various 

photocatalysts that have been developed so far, platinum is often used as a co-catalyst for 

constructing photocatalytic systems that produce hydrogen.[4] However, platinum is expensive 

and has a low abundance; thus, its practical use is limited. Therefore, further improvement of 

the platinum utilization efficiency is a significant research goal. 

Polyoxometalates (POMs) are metal-oxygen clusters with enormously diverse chemical 

structures and physical properties, and they are expected to have applications in catalytic, 

magnetic, electrical, and optical materials.[5–8] One method for enhancing the functionality of 

POMs is to introduce metal species into the vacant site(s) of lacunary POMs. Several 

structurally well-defined Pt2+-containing POMs, e.g., [Pt2(W5O18)2]8−,[9] [anti-Pt2(α-

PW11O39)2]10−,[10] and [syn-Pt2(α-PW11O39)2]10−,[10] have been reported. In the last few years, 

we have also synthesized cesium and tetramethylammonium salts of α-Keggin diplatinum(II)-

coordinated phospho-, silico-, and germanotungstates, including Cs3[α-PW11O39{cis-

Pt(NH3)2}2]∙8H2O, [(CH3)4N]3[α-PW11O39{cis-Pt(NH3)2}2]·10H2O, [(CH3)4N]4[α-

SiW11O39{cis-Pt(NH3)2}2]·13H2O, and [(CH3)4N]4[α-GeW11O39{cis-Pt(NH3)2}2]·11H2O using 

a similar approach, and demonstrated long-term steady hydrogen production with highly 

effective utilization of the platinum centers for hydrogen production from aqueous 

ethylenediamine tetraacetic acid disodium salt (EDTA‧2Na) and triethanolamine (TEOA) 

solutions under visible light irradiation.[11–15]  

Furthermore, the utilization of POMs for the stabilization of metal nanoparticles, e.g., silver 

halides,[16] Ag(0),[17–19] Ir(0),[20–22] Rh(0),[23] Au(0),[24–26] and Pt(0),[27,28] in aqueous and organic 

solutions because of their high charge has been reported. These colloidal particles are generally 

obtained by mixing in solutions of metal nanoparticles (or metal species) and POMs and, if 

necessary, subsequent reduction treatments (by chemical, photochemical, and electrochemical 

methods) at moderate reaction temperatures; however, the production of colloidal particles of 

noble metal species and POM composites derived by a simple air-calcination in the solid state 

has not yet been reported. 

In this study, we first derived hydrophilic colloidal nanoparticles composed of platinum 

hydroxides and a cesium salt of a Keggin-type polyoxotungstate, Cs4SiW12O40, by subjecting a 

cesium salt of α-Keggin diplatinum(II)-coordinated silicotungstate, Cs4[α-SiW11O39{cis-
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PtII(NH3)2}2]⋅11H2O (Cs-Si-Pt), to direct air calcination at 300 °C in the solid state. By 

exchanging the four cesium ions with tetramethylammonium ions, colloidal particles composed 

of platinum hydroxides and tetramethylammonium salts, TMA4SiW12O40 (here, TMA = 

[(CH3)4N]+), were also obtained. The obtained particles were characterized by elemental 

analysis, thermogravimetric/differential thermal analysis (TG/DTA), Fourier transform 

infrared (FT-IR) spectroscopy, ultraviolet-visible (UV–Vis) spectroscopy, X-ray photoelectron 

(XPS) spectroscopy, X-ray powder diffraction (PXRD), solution and solid-state 29Si nuclear 

magnetic resonance (NMR), cold-spray ionization–mass spectrometry (CSI–MS), dynamic 

light scattering (DLS), zeta potential analysis, and transmission electron microscopy (TEM). 

The photocatalytic activities of the colloidal particles for hydrogen production from aqueous 

TEOA solutions in the presence of Eosin Y (EY), Keggin-type mono-aluminum-coordinated 

polyoxometalates, K5[α-SiW11{Al(OH2)}O39]∙7H2O, and titanium dioxide under visible light 

irradiation (λ = ≥440 nm) were also investigated. 

 

Results and Discussion 
 

Synthesis, characterization, and thermal treatment of a cesium salt of α-Keggin-type 

diplatinum(II)-coordinated silicotungstate, Cs-Si-Pt 

 

The cesium salt of the α-Keggin-type diplatinum(II)-coordinated silicotungstate, Cs-Si-Pt, 

was synthesized by the 2:1 stoichiometric reaction of cis-diamminedichloroplatinum(II) 

(cisplatin) with mono-lacunary α-Keggin-type polyoxotungstate ([α-SiW11O39]8−) in aqueous 

solution, followed by the addition of cesium chloride, as previously reported for Cs3[α-

PW11O39{cis-Pt(NH3)2}2]∙8H2O (denoted Cs-P-Pt).[11] The purification was carried out by 

precipitation from water, and Cs-Si-Pt was finally isolated as an analytically pure, yellow 

powder in 66% yield. Cs-Si-Pt was characterized by elemental analysis, TG/DTA, FT-IR, 

solution UV–Vis spectroscopy, and solution 1H NMR and 29Si magic-angle spinning (MAS) 

NMR spectroscopies (see Experimental), and it was confirmed that the molecular structure was 

the same as that of [(CH3)4N]4[α-SiW11O39{cis-Pt(NH3)2}2]·13H2O (TMA-Si-Pt),[14] as shown 

in Figure 1. 
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Figure 1. Molecular structure (ball and stick) of [α-SiW11O39{cis-Pt(NH3)2}2]4–, which 

crystallized in monoclinic space group P21/n.[14]  

 

When Cs-Si-Pt was calcined at temperatures from ca. 25 to 300 °C at a heating rate of 40 °C 

min-1 followed by holding at 300 °C for 5 h in air (without flow), the color changed from yellow 

to dark brown (the calcined sample is denoted Cs-Si-Pt-300-5, where Cs-Si-Pt-X-Y (X = 

calcination temperature (°C); Y = calcination time (h)), and the obtained powder was soluble 

in water. According to the TG/DTA results, the desorption of the four ammonia molecules 

coordinated to the platinum centers in Cs-Si-Pt started at 216.7 °C and was completed at 

365.4 °C, as shown in Figure S1. During the thermal treatment at 300 °C for 5 h, the four 

ammonia molecules in Cs-Si-Pt were completely removed, and this was confirmed by nitrogen 

analysis (<0.1%). The solubility in water was almost unchanged by thermal treatment at 250 

and 400 °C for 5 h (the obtained samples are denoted Cs-Si-Pt-250-5 and Cs-Si-Pt-400-5), but 

a water-insoluble black precipitate was formed when Cs-Si-Pt was calcined at 500 °C for 5 h 

in air (the obtained sample is denoted Cs-Si-Pt-500-5).  

Pt 

W 

Si 

O 

N 



 6 

 
Figure 2. FT-IR spectra (obtained in KBr disks) of (a) Cs-Si-Pt-300-5, (b) Cs-Si-Pt, and (c) 

Cs-Si-Pt-300-5-TMA. 
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(b) 
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Wavenumber/cm-1 
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The FT-IR spectrum (obtained in KBr disk) of Cs-Si-Pt-300-5 contains several bands at 1017, 

974, 927, 882, and 793 cm-1 (Figure 2a), which were different from those of Cs-Si-Pt (1004, 

960, 944, 891, 846, 789, 738, and 712 cm-1) (Figure 2b) and similar to those of Cs4SiW12O40 

(1020, 979, 875, and 778 cm-1) [29] and [Pt(NH3)4]2[α-SiW12O40]⋅4H2O (denoted Pt-SiW12) 

(see Experimental). The spectral pattern of Cs-Si-Pt-300-5 did not change after reprecipitation 

from water/ethanol at approximately 25 °C. The same spectra were also obtained for Cs-Si-Pt-

250-5, Cs-Si-Pt-400-5, and Cs-Si-Pt-500-5. The band at 1356 cm-1, indicative of the four 

ammonia groups disappeared, as observed by nitrogen analysis. In the PXRD patterns, no peaks 

were observed in the 2θ range of 5–90° for Cs-Si-Pt-250-5, -300-5, and -400-5; however, the 

patterns of Cs-Si-Pt-500-5 showed some peaks corresponding to Cs4SiW12O40 (Figure S3). 

This result also supported the formation of Cs4SiW12O40 by the reported thermal treatments. 
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Figure 3. Solution 29Si NMR spectra in D2O of (a) Cs-Si-Pt-300-5 and (b) Cs-Si-Pt-300-5-

TMA. 

 

The solution 29Si NMR spectrum in D2O of Cs-Si-Pt-300-5 showed a single-line signal at -

83.1 ppm arising from the internal silicon atom, confirming the purity and homogeneity of the 

(a) 

-90-88-86-84-82-80-78-76
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(b) 
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Keggin unit, as shown in Figure 3a. The signal was shifted compared with the signal of α-

SiW12O40
4‒ (δ: -84.7) and α-SiW11O39

8‒ (δ: -84.4). Considering the results of the above FT-IR 

measurements, the α-SiW11O39
8‒ ligand in Cs-Si-Pt transferred to α-SiW12O40

4‒, and it 

interacted with the new platinum species formed by the thermal treatment in the aqueous 

solution. The 29Si MAS NMR spectrum (Figure 4) of Cs-Si-Pt-300-5 also contains a signal at 

-82.5 ppm, and no signal arising from the as-prepared Cs-Si-Pt (δ: -85.3) was observed. These 

results also showed the homogeneity of the calcined sample, even in the solid state. 

 
Figure 4. 29Si MAS NMR spectrum of Cs-Si-Pt-300-5. 

 

  The W(4f) XPS spectra (Figures 5a and 5b) of Cs-Si-Pt-300-5 and Cs-Si-Pt contain peaks 

at the W(4f7/2) binding energies of 36.3 and 36.5 eV; this suggests that the tungsten sites in Cs-

Si-Pt-300-5 and Cs-Si-Pt were hexavalent (W6+). Moreover, contributions from W5+ (around 

34.5 eV) and W4+ (around 33.5 eV) were not observed.[30–32] Concerning the Pt(4f) XPS 

spectrum of Cs-Si-Pt-300-5, a clear spectrum could not be obtained, and the signals from the 

Cs(4d) electrons[33] were overlapped in the Pt4+ region.[34,35] A clear Pt(4d) XPS spectrum of 

Cs-Si-Pt-300-5 not be obtained. 

To determine the valence of platinum sites by XPS measurements, we carried out an ion-

exchange reaction of cesium ions in Cs-Si-Pt-300-5 with tetramethylammonium ions, using the 

-250-200-150-100-50050100
ppm 
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following procedure: Cs-Si-Pt-300-5 (0.3673 g) was dissolved in water (200 mL) at 25 °C. The 

solution was filtered through a membrane filter (JG 0.2 µm), and an excess of 

tetramethylammonium chloride (1.10 g) was added to the solution. After 24 h of stirring at 

25 °C, a dark brown precipitate was collected using a membrane filter (JG 0.2 µm). The product 

was washed with excess ethanol. Yield: 0.1512 g. The obtained powder is denoted Cs-Si-Pt-

300-5-TMA. The FT-IR spectrum (obtained in a KBr disk) in the polyoxoanion region 

(1200−600 cm-1) of Cs-Si-Pt-300-5-TMA showed bands at 1019, 977, 952, 924, 887, and 796 

cm-1 (Figure 2c), which are consistent with those of Cs-Si-Pt-300-5. The band at 1486 cm-1 is 

due to the tetramethylammonium ions. Since Cs-Si-Pt-300-5-TMA has low solubility in water 

and low stability in solution, it was not possible to obtain a high quality 29Si NMR spectrum in 

D2O. However, a single-line signal was observed at -82.9 ppm, which is consistent with Cs-Si-

Pt-300-5, as shown in Figure 3b. No clear signal was observed in the 195Pt NMR spectrum of 

Cs-Si-Pt-300-5-TMA, as reported for Pt2+-containing POMs.[12,36] The W(4f) XPS spectrum of 

Cs-Si-Pt-300-5-TMA also contains the W(4f7/2) binding energy at 36.3 eV, as shown in Figure 

5c. This result indicates that the tungsten sites were in the hexavalent charge state, W6+, after 

the ion-exchange reaction, and contributions from W4+ and W5+ were not observed. The Pt(4f) 

XPS spectrum was quite noisy, as shown in Figure 6a. However, a Pt(4f7/2) peak was observed 

at a binding energy of 73.8 eV, which is consistent with Pt2+ in cisplatin (73.5 eV; Figure 6b), 

and no contribution from Pt0 (around 71 eV) was observed.[32,35] For K2[PtIVCl6], the Pt(4f7/2) 

binding energy at 76.4 eV was assigned to Pt4+, as shown in Figure 6c. Thus, the oxidation state 

of the platinum sites in Cs-Si-Pt-300-5 and Cs-Si-Pt-300-5-TMA was Pt2+. This result suggests 

that the [cis-Pt(NH3)2]2+ moieties were oxidized (e.g., transformed to PtO and Pt(OH)2) by the 

thermal treatment. 
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Figure 5. W(4f) XPS spectra of (a) Cs-Si-Pt-300-5, (b) Cs-Si-Pt, and (c) Cs-Si-Pt-300-5-TMA. 

323436384042
Binding Energy (eV) 

(a) 
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Figure 6. Pt(4f) XPS spectra of (a) Cs-Si-Pt-300-5-TMA, (b) cisplatin, and (c) K2[PtIVCl6]. 
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The elemental analysis of Cs-Si-Pt-300-5-TMA afforded the following results: hydrogen, 

1.4%; carbon, 5.3%; nitrogen, 1.5%; silicon, 0.92%; platinum, 11.2%; and cesium, < 0.1%. 

Because the divalent platinum site retained a planar four-coordinate structure,[37,38] it was 

presumed that Cs-Si-Pt-300-5-TMA had a structure in which the Pt(OH)2 species coordinated 

with the surface of SiW12O40
4−. The results are consistent with the values calculated from the 

following formula, [(CH3)4N]4[{Pt(OH)2}2·SiW12O40]: hydrogen, 1.44%; carbon, 5.30%; 

nitrogen, 1.54%; silicon, 0.77%; platinum, 10.75%; and cesium, 0%. The four cesium ions in 

Cs-Si-Pt-300-5 were completely exchanged by four tetramethylammonium ions; however, the 

two platinum atoms were not removed by the ion-exchange reaction. This indicates that the two 

platinum atoms interacted with the surface of SiW12O40
4– (not as countercations). Figure 7 

shows the CSI–MS spectrum obtained in a water/acetonitrile (1/1 (v/v)) solution of Cs-Si-Pt-

300-5-TMA. The spectrum exhibits peaks at m/z = 1511.1 and 3096.1, which are assigned to 

[TMA2(SiW12O40)]2– (m/z 1511.2) and [TMA3(SiW12O40)]– (m/z 3096.5), respectively. This 

also indicates that the {SiW11O39} ligand in Cs-Si-Pt was transformed to {SiW12O40} under the 

reported thermal treatment conditions. Thus, Cs-Si-Pt-300-5 also contains 

Cs4[{Pt(OH)2}2·SiW12O40]. 

  The formation of hydrophilic colloidal particles of Cs-Si-Pt-300-5 in a saturated aqueous 

solution at different pH values of 4.1, 5.0, 6.0, and 7.2, was monitored by the DLS technique, 

as shown in Figure 8. At each pH value, the colloid particles had a particle size distribution in 

the range of 80–285 nm, and particles with a size of 6500 nm or more were also observed. The 

zeta potential values were -47.99, -49.74, -49.90, and -53.31 mV, suggesting that the 

hydrophilic colloid particles were formed by the aggregation of the anionic POM, 

[{Pt(OH)2}2·SiW12O40]4–, in aqueous solution.[39,40] The TEM image of Cs-Si-Pt-300-5-TMA 

produced from the aqueous solution shows particle aggregates consisting of Cs-Si-Pt-300-5-

TMA (Figure S4a). The TEM images of Cs-Si-Pt-300-5-TMA and Cs-Si-Pt-300-5 shown in 

Figures S4b and S5 show that larger particles are formed in solution. These results supported 

the result that [{Pt(OH)2}2·SiW12O40]4– aggregated to form a supramolecular structure. 
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Figure 7. CSI-MS spectrum of Cs-Si-Pt-300-5-TMA in acetonitrile/water (1/1 v/v). Inset: 

spectra in the m/z range of 1490–1530 and 3060–3140, and the calculated patterns for 

[TMA2(SiW12O40)]2– (m/z 1511.2) and [TMA3(SiW12O40)]– (m/z 3096.5). 
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Figure 8. Colloidal particle size distribution of Cs-Si-Pt-300-5 in the saturated solution, as 

monitored by DLS. The measurements were carried out at pH values of 4.1 (blue), 5.0 (red), 

6.0 (green), and 7.2 (purple). 

 

The UV–Vis spectra of Cs-Si-Pt-300-5 and Cs-Si-Pt-300-5-TMA in aqueous solution are 

shown in Figure 9. The spectrum of the as-prepared Cs-Si-Pt contains absorption bands at 245 

nm and approximately 325 and 409 nm from 220 to 800 nm (Figure S2). The bands at 245 and 

at around 325 nm were assigned to the charge transfer (CT) band of W6+-O and a broad band 

at around 409 nm was assigned to the two platinum(II) atoms, as previously reported for Cs3[α-

PW11O39{cis-Pt(NH3)2}2]∙8H2O.[11] For Cs-Si-Pt-300-5 and Cs-Si-Pt-300-5-TMA, a CT band 

of W6+-O was observed at 260 and 265 nm, respectively. These were shifted from that of Cs-

Si-Pt and were similar to that of α-SiW12O40
4– (at 263 nm). This also supports the hypothesis 

that the {SiW11O39} ligand in Cs-Si-Pt was transformed to {SiW12O40} under the reported 

thermal treatment conditions. A clear band was not observed in the range of 300 – 800 nm; 

however, it was noticed that the absorption shifted toward longer wavelengths than that 

observed for Cs-Si-Pt. Because α-SiW12O40
4– does not absorb light in the visible region, it can 

be inferred that the change in the absorption band in the visible region is due to the formation 
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of colloidal particles containing platinum hydroxide species in solution. 

 
Figure 9. Solution UV-Vis spectra in water of (a) Cs-Si-Pt-300-5 and (b) Cs-Si-Pt-300-5-

TMA in the range of 300–800 nm. In (b), the concentration of Cs-Si-Pt-300-5-TMA is 4.7 × 

10–5 M. Inset: in the range of 220–400 nm. In the inset of (b), the concentration of Cs-Si-Pt-

300-5-TMA is 4.6 × 10–6 M. 

260 nm 

(a) 

(b) 

Wavelength (nm) 

265 nm 
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When Cs-P-Pt or Pt-SiW12 was calcined at 300 °C for 5 h, an insoluble black solid was 

formed. When cisplatin was heat-treated under the same conditions, a reduction to platinum (0) 

occurred. The formation of several intermediate has been reported during air-calcining 

treatment of platinum compounds such as H2PtCl6, Pt(NH3)4Cl2, Pt(NH3)4(OH)2, 

Pt(NH3)4(NO3)2, H2Pt(OH)6, and Pt(C5H7O2)2; however, their isolation as solids has not been 

reported.[41] 

 

Photocatalytic activities of the calcined samples for hydrogen evolution from an 

aqueous TEOA under visible light irradiation  

 

As a technique for improving the utilization efficiency of platinum atoms for the production 

of hydrogen from water under light irradiation, co-catalyst modification (such as size control 

of platinum nanoparticles [42–44] and alloying [45,46]) have been developed. Although they exhibit 

efficient photocatalytic activities, it still be difficult to control the platinum nanostructures by 

the thermal decomposition or photolysis of platinum compounds (such as H2PtCl6 and 

Pt(NH3)4(NO3)2). There are also reports of platinum(II)-based hydrogen-evolving catalysts; 

however, platinum utilization efficiency is not so high under the reported conditions.[47,48] 

To investigate the activities of the isolated platinum(II) sites constructed in the Cs-Si-Pt-

300-5 as a co-catalyst, we demonstrated the hydrogen evolution in aqueous TEOA in the 

presence of Cs-Si-Pt-300-5, EY, K5[α-SiW11{Al(OH2)}O39]·7H2O (denoted K-Si-Al), and 

titanium dioxide (anatase:rutile = 80:20) under light irradiation (λ = ≥440 nm), as shown in 

Figure 10a. Cs-Si-Pt-300-5 was obtained by weighing Cs-Si-Pt while ensuring that the amount 

of platinum was 0.2 μmol; subsequently, it was calcined at 300 °C for 5 h in air. TEOA was 

used as the sacrificial reagent.[13,49] Cs-Si-Pt-300-5, EY, and K-Si-Al were used as co-catalyst, 

photosensitizer, and EY stabilizer, respectively.[13,49] TiO2 was used to promote charge 

separation.[50] Hydrogen was formed with 100% selectivity, and oxygen, carbon dioxide, carbon 

monoxide, and methane were not detected under these reaction conditions. As control 

experiments, no reaction was observed in the absence of platinum catalysts or Eosin Y under 

the reported conditions. 
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Figure 10. (a) Time course for hydrogen evolution from aqueous TEOA under visible light 

irradiation. (b) TON after 1 h of irradiation for hydrogen evolution from aqueous TEOA under 
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visible light irradiation catalyzed by Cs-Si-Pt-250-5, Cs-Si-Pt-300-5, Cs-Si-Pt-400-5, Cs-Si-

Pt-500-5, and Cs-Si-Pt. Reaction conditions: Cs-Si-Pt-300-5 (○) and Cs-Si-Pt (□) (0.2 µmol 

Pt), EY (2.5 µmol), K-Si-Al (2.5 µmol), TiO2 (anatase:rutile = 80:20) 50 mg, 100 mM TEOA 

aqueous solution (10 mL, pH 7), light irradiation (λ = ≥440 nm), 25 °C. 

 

After 1 h of light irradiation, Cs-Si-Pt-300-5 (0.2 µmol of Pt) evolved 300.3 µmol of 

hydrogen, and the TON (= 2[hydrogen evolved (mol)]/[Pt atoms (mol)]) reached 3003. The 

activities were approximately 17 times higher than that of Cs-Si-Pt (the amount of hydrogen 

evolved after 1 h was 17.9 µmol; TON, 179) under the same reaction conditions. The activity 

after 1 h was similar to that of Cs-Si-Pt-300-5-TMA (the amount of hydrogen evolved was 

358.9 µmol; TON, 3589); this also supported the result that the composition of 

[{Pt(OH)2}2‧SiW12O40]4– in Cs-Si-Pt-300-5 was not changed by the ion-exchange reaction of 

cesium ions with tetramethylammonium ions. Relatively rapid deactivation was observed for 2 

h; however, the TON exceeded 4600 after 3 h of light irradiation. The turnover frequency (TOF 

= TON/reaction time (h)) of Cs-Si-Pt-300-5 was 3588 h-1 after 20 min, which was higher than 

those of similar photocatalytic systems containing platinum co-catalyst prepared by 

photoreduction of H2PtCl6, EY, and TiO2. For example, the TOFs of Pt/EY/nitrogen-doped 

TiO2, [51] Pt/EY/modified TiO2 with phosphate,[52] and EY/Pt/SiW11O39
8–/TiO2

[50] are less than 

100 h-1 for hydrogen evolution from aqueous TEOA solutions under visible-light irradiation. 

Cs-Si-Pt-400-5 had the same TON as Cs-Si-Pt-300-5. Cs-Si-Pt-250-5 and Cs-Si-Pt-500-5 had 

higher TONs than Cs-Si-Pt, as shown in Figure 10b. These results indicated that the thermal 

treatment significantly improved the photocatalytic activities of Cs-Si-Pt, and, in particular, it 

was found that the catalysts obtained by calcining Cs-Si-Pt at 300 and 400 °C for 5 h exhibited 

high catalytic activities under the reported reaction conditions. 

A probable reaction mechanism for the Cs-Si-Pt-300-5/EY/K-Al-1/TiO2 system is as 

follows:[13,50] EY absorbs photon energy to produce excited EY* in the initial step and, 

subsequently, injects electrons into the conduction band of TiO2 or the tungsten sites in Cs-Si-

Pt-300-5 and K-Si-Al to form a reduced species (heteropoly blue species). The electrons 

injected into the conduction band of TiO2 are consumed by the reduction of water at the 

platinum sites in Cs-Si-Pt-300-5 to form hydrogen. When Keggin-type diplatinum(II)-

coordinated polyoxotungstates are used as a photocatalyst, the heteropoly blue species act as 

photosensitizers to achieve long-term hydrogen production. However, relatively rapid 
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deactivation was observed for Cs-Si-Pt-300-5, and the activity did not improve even when EY 

was added again. This could be due to the decomposition of Cs-Si-Pt-300-5 under the reported 

reaction conditions. Investigations into the stabilization of [{Pt(OH)2}2·SiW12O40]4– is in 

progress. 

 

Conclusions 
 

Hydrophilic platinum-polyoxotungstate colloidal particles formed by the self-assembly of 

Cs4[{Pt(OH)2}2‧SiW12O40] were obtained by the calcination of an α-Keggin-type 

diplatinum(II)-coordinated silicotungstate, Cs4[α-SiW11O39{cis-Pt(NH3)2}2]⋅11H2O (Cs-Si-Pt), 

in air at 300 °C for 5 h. The ion-exchange reaction of Cs-Si-Pt-300-5 with 

tetramethylammonium ions afforded a tetramethylammonium salt, 

[(CH3)4N]4[{Pt(OH)2}2‧SiW12O40], which also formed hydrophilic colloidal particles in 

aqueous solution. The calcined sample acted as a photocatalyst for hydrogen evolution from 

aqueous TEOA solution under visible light irradiation (λ = ≥440 nm) in the presence of EY, 

K5[α-SiW11{Al(OH2)}O39]·7H2O, and titanium dioxide. Although relatively rapid deactivation 

was observed for 2 h, it was surprising that the TOF achieved was 3588 h-1 after 20 min, and 

the TON exceeded 4600 after 3 h of light irradiation. Thus, [{Pt(OH)2}2‧SiW12O40]4– is the first 

isolated platinum intermediate formed by the thermal treatment of a platinum complex as a 

solid. Our results also demonstrate that the photocatalytic activity of platinum as a co-catalyst 

was significantly improved by the thermal treatment of α-Keggin-type diplatinum(II)-

coordinated silicotungstate under the reported conditions.  

 

Experimental Section 

 
Materials: K4[α-SiW12O40]⋅17H2O,[53] K8[α-SiW11O39]·17H2O,[54] Cs3[α-PW11O39{cis-

Pt(NH3)2}2]∙8H2O (denoted as Cs-P-Pt),[11] and K5[α-SiW11{Al(OH2)}O39]∙7H2O[55] were 

prepared as described in the literature. The number of solvated water molecules was determined 

by TG/DTA. [Pt(NH3)4]2[α-SiW12O40]⋅4H2O (denoted Pt-SiW12) was prepared as follows: 

[Pt(NH3)4]Cl2 (0.4 mmol) was dissolved in water (150 mL) and added to an aqueous solution 

(50 mL) of K4[α-SiW12O40]⋅17H2O (0.2 mmol) at 25 °C. After stirring for 1 h at 25 °C, the 

white–yellow precipitate was collected using a membrane filter (JG 0.2 µm), and washed with 
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water (50 mL × 5). The numbers of [Pt(NH3)4]2+ countercations and solvated water molecules 

were determined by nitrogen, hydrogen, silicon, and platinum analyses. Found: N, 3.13%; H, 

0.92%; Si, 0.81%; Pt, 10.9%. Calcd: N, 3.23%; H, 0.93%; Si, 0.81%; Pt, 11.2% for 

[Pt(NH3)4]2[α-SiW12O40]⋅4H2O. FT-IR (KBr disk): 1341 (NH3), 1016, 973, 925, 883, 788 cm-1. 

All the reagents and solvents were obtained from commercial sources and were used as received. 

Titanium dioxide (anatase:rutile = 80:20) was obtained from Wako Pure Chemical Industries, 

Ltd. (Japan). 

 

Instrumentation/analytical procedures: Elemental analyses were performed using a Flash 

EA (Thermo Electron Corporation) and an Optima 2100DV (PerkinElmer Inc.) at Shizuoka 

University or by sending samples to the Mikroanalytisches Labor Pascher (Remagen, Germany). 

The TG/DTA data were obtained using a Rigaku Thermo Plus EVO2 TG/DTA 81205Z 

instrument. Measurements were carried out in air by increasing the temperature from 20 to 

500 °C at a rate of 4 °C/min. The IR spectra were recorded on a PerkinElmer Spectrum100 FT-

IR spectrometer in KBr disks at approximately 25 °C in air. The 1H (600.17 MHz) and 29Si 

(119.23 MHz) NMR spectra in solutions were recorded in 5-mm outer diameter tubes on a 

JEOL ECA-600 NMR spectrometer. The 1H NMR spectra were measured in DMSO-d6 with 

respect to an internal standard (the sodium salt of 3-(trimethylsilyl)-1-propanesulfonic acid 

(DSS)). Chemical shifts are reported as positive for resonances downfield of DSS (δ: 0). The 
29Si NMR spectra were measured in D2O with respect to an external tetramethylsilane (TMS) 

standard. Chemical shifts are reported as negative on the δ scale for resonances upfield of TMS 

(δ: 0). The 29Si MAS NMR spectra were recorded at 400 MHz on a JEOL JNM-ECA 400 FT-

NMR spectrometer with a JEOL ECP-400 NMR data-processing system. 29Si MAS NMR 

chemical shifts are reported as negative relative to polydimethylsilane (δ: –34.0). The solution 

UV–Vis spectra were recorded using a PerkinElmer Spectrum Lambda 650 spectrophotometer. 

XPS was carried out using an ESCA3400 (Shimadzu Corp., Japan) spectrometer using a non-

monochromatic Mg Kα radiation source (1253.6 eV). The binding energies are referenced to 

the C1s binding energy at 284.6 eV for convenience. Powder XRD measurements were 

performed using an X-ray powder diffractometer (SmartLab, Rigaku, Corp., Japan) using Cu 

Kα radiation (λ = 1.54 Å). TEM images were obtained using a JEM-1400 instrument (JEOL, 

Tokyo, Japan). The calcined samples were dissolved in water (0.25 mg/L for Cs-Si-Pt-300-5 

and 1 mg/mL for Cs-Si-Pt-300-5-TMA), and the solutions were dropped on a hydrophilized 
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grid and air-dried. The negative-ion CSI–MS spectra were recorded on JEOL JMS-T100CS 

(acetonitrile/water = 1/1, 0.25 mg/mL; spray temperature, 0 °C) at the University of Tokyo. DLS 

and zeta potential measurements were performed by Otsuka Electronics Co., Ltd., Japan using 

an ELSZ-2000 instrument. For the measurements, the calcined sample was dissolved in water 

(less than 0.5 g/100 mL). The pH values of the solutions were 4.1, 5.0, 6.0, and 7.2. The pH 

was adjusted by adding aqueous 0.01 M NaOH solution. 

 

Synthesis of Cs-Si-Pt: K8[SiW11O39]·14H2O (0.648 g; 0.20 mmol) and cis-Pt(NH3)2Cl2 

(0.120 g; 0.40 mmol) were dissolved in 200 mL of water at 25 °C. After stirring for 3 h at 

approximately 90 °C, the solution was filtered through a membrane filter (JG 0.2 µm). CsCl 

(1.52 g; 9.0 mmol) was added to the filtrate, followed by stirring overnight at 25 °C. 

Thereafter, a yellow precipitate was collected using a membrane filter (JG 0.2 µm) and 

washed with a small amount of ethanol. For purification, the obtained product was dissolved 

in water (6 mL of water per 100 mg of product) at 70 °C. After standing overnight at 25 °C, 

a yellow precipitate was obtained. The obtained product weighed 0.5062 g (the yield, based 

on [mol of Cs-Si-Pt]/[mol of K8[SiW11O39]·14H2O] × 100, was 66%). Elemental analysis 

afforded the following results: hydrogen, 0.61%; nitrogen, 1.45%; silicon, 0.70%; tungsten, 

52.1%; platinum, 10.3%; cesium, 13.4%. The calculations for Cs4[SiW11O39{cis-

Pt(NH3)2}2]·xH2O (x = 11) = H34Cs4Si1N4O50Pt2W11: H, 0.89; N, 1.45; Si, 0.73; W, 52.36; 

Pt, 10.10; Cs, 13.76%. TG/DTA, under atmospheric conditions showed a weight loss of 

4.15% with endothermic peaks observed below 210.2 °C at temperatures of 82.1 °C and 

94.5 °C, and the calculations indicated a 5.13% loss corresponding to 11 water molecules 

(Figure S1). Additionally, a weight loss of 1.41% with an exothermic peak at 335.9 °C was 

observed between 216.7 and 365.4 °C; the calculations indicated four ammonia molecules 

(calcd: 1.76%). IR (KBr disk) results in the 1300 – 400 cm-1 region (polyoxometalate region) 

(Figure 2b) showed bands at 1004, 960, 944, 891, 846, 789, 738, and 712 cm-1. 1H NMR 

(DMSO-d6, 19.4 °C): 4.20 (NH3) and 4.40 (NH3). 29Si MAS NMR: δ: -85.30. UV–vis 

absorption (in H2O, 4.9 × 10-5 M and 6.8 × 10–6 M) (Figure S2) showed a band at 245 nm 

(ε 45000 M-1 cm-1) and broad bands at around 325 nm (ε 6447 M-1 cm-1) and 409 nm (ε 1010 

M-1cm-1). 

 

Thermal treatment conditions: The thermal treatments of the platinum compounds were 
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performed using a muffle furnace (FO100; Yamato Scientific Co., Ltd., Japan). The 

platinum compounds were typically calcined at temperatures from 25 to 300 °C at a heating 

rate of 40 °C min-1, followed by holding at 300 °C for 5 h in air (without flow). 

 

Photocatalytic reaction experiments: Typical photocatalytic reactions were carried out at 

25 °C. The platinum compounds (0.2 µmol Pt), EY (2.5 µmol), and K5[α-

SiW11{Al(OH2)}O39]·7H2O (2.5 µmol) were dissolved in 10 mL of 100 mM aqueous TEOA 

solution at pH 7.0. Subsequently, titanium dioxide (anatase:rutile = 80:20; 50 mg) was added 

to the aqueous solution. The reaction suspension was put into a glass reaction vessel that, 

was connected to a Pyrex conventional closed gas circulation system (245.5 cm3). The 

photoreaction was initiated by light irradiation using a 300 W Xe lamp equipped with a cut-

off filter (λ =  ≥440 nm). Hydrogen, oxygen, carbon monoxide, and methane evolutions 

were analyzed by gas chromatography (GC) (with thermal conductivity detector (TCD), 5 

Å molecular sieves, and stainless-steel columns). The samples were assigned after 

comparing them with standard samples analyzed under the same conditions. The turnover 

number (TON) was calculated as 2[H2 evolved (mol)]/[Pt atoms (mol)]. 
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