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Two novel open-chain carboxyethyltin decorated sandwich-

type germanotungstates have been successfully synthesized. 

They could markedly increase the electrocatalytic activity of 10 

single-walled carbon nanotube toward triiodide reduction 

when assembled into composite electrodes, which have shown 

a conversion efficiency of 6.32% that is comparable to that of 

Pt electrode (6.29%) when used as counter electrodes in dye-

sensitized solar cells. 15 

Dye-sensitized solar cells (DSSCs) are among the most promising 

photovoltaic devices capable of addressing the future energy 

crisis owing to simple fabrication procedures, environmental 

friendliness and relatively high efficiency.1 As a crucial 

component in DSSCs, the counter electrode (CE) performs two 20 

functions consisting of promoting the electron translocation from 

the external circuit and catalyzing the reduction of I3
- to I-.2 

Although Pt is the effective CE material for DSSCs, the 

restrictions of noble metal creates a big obstacle for scale-up 

application of DSSC devices. Therefore, it is urgent to develop 25 

Pt-free CE materials with both low cost and relatively high 

efficiency. Poly(3,4-ethylenedioxythiophene) (PEDOT) has 

shown promise with Co(III/II) mediators and organic mediators 

especially as an alternative Pt free CE material.3 

Carbon nanotubes (CNTs), consisting of single-walled 30 

nanotubes (SWNTs), double-walled nanotubes (DWNTs) and 

multi-walled nanotubes (MWNTs), have become potential 

candidates for use as alternative counter electrode materials in 

DSSCs owing to their excellent combination of properties such as 

high electrical conductivity, large surface area and abundance.4 35 

Nevertheless, to optimize their catalytic activity aiming to further 

improve the conversion efficiency still remains one challenge.5 

Polyoxometalates (POMs) are a class of molecular-scale 

transition metal-oxygen nanoclusters based on abundant 

elements,6 which have attracted extensive interest in the fields of 40 

magnetism, optics and materials chemistry because of their 

unique structural topologies and versatility such as magnetic 

properties,7 nonlinear optics,8 catalytic activity,9 electrochemical 

properties.10 Organotin decorated POMs are a unique class of 

organic-inorganic functionalized POM-based derivatives which 45 

possess excellent electrocatalytic activities and and 

semiconductor like features.11 Organotin decorating would induce 

the variation of charge density of oxygen ions on the surface of 

POMs, which could adjust the electronic characteristic and redox 

catalytic properties of POMs. In addition, the organic functional 50 

groups provide a new opportunity for the further loading of 

POMs. Thereby, POM-organotin derivatives are promising 

modifiers for CEs of DSSCs. Applying them to modify CNTs are 

expected to obtain high-performance CEs with both high 

conductivity and catalytic activity. Nevertheless, no attention has 55 

been dedicated to this application of organotin modified POMs to 

date.  

Herein, two novel open-chain carboxyethyltin functionalized 

germanotungstates {C(NH2)3}10H2[Cu2{Sn(C3H4O2)}2(B-α-

GeW9O34)2]·7H2O (GeW9-Cu-SnR) and 60 

{C(NH2)3}10H2[Co2{Sn(C3H4O2)}2(B-α-GeW9O34)2]·8H2O 

(GeW9-Co-SnR) were designed and synthesized in aqueous 

solution and characterized by physical and chemical methods (Fig. 

1, Fig. S1-S12, Table S1-S5, see ESI†). They were applied for 

modifying SWNT to fabricate SWNT/POM composite electrodes 65 

via electrodeposition, which show higher electrocatalytic 

activities toward reduction of I3
- and higher conversion efficiency 

when used as CEs in DSSCs than SWNT-only electrodes. It is 

important that the performances of DSSCs with SWNT/ GeW9-

Cu-SnR and SWNT/ GeW9-Co-SnR CEs are superior to ones 70 

with SWNT/ GeW9 and SWNT/ GeW9Cu4 CEs, although their 

efficiencies are all higher than pure SWNT-based cells. This 

indicated that organotin groups could exert a positive impact on 

the electrocatalytic activities of POMs. Notably, SWNT/ GeW9-

Co-SnR and SWNT/ GeW9-Cu-SnR have shown the high 75 

conversion efficiency of 6.20% and 6.32% as the CEs 

respectively, which are comparable to that of Pt CE (6.29%). 
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Fig. 1 Schematic representation of the preparation of (a) GeW9-Cu-SnR; 

(b) GeW9-Co-SnR.  

Single-crystal X-ray diffraction analysis reveals that both the 

polyoxoanions of GeW9-Cu-SnR and GeW9-Co-SnR display the 

sandwich-type structure and they are isostructural. Thereby 5 

GeW9-Cu-SnR is described as an example below. In GeW9-Cu-

SnR (Fig. 1a), two B-α-[GeW9O34]
10- are combined with two 

[Sn(CH2)2COO]2+ moieties and two Cu2+ cations by sharing 

corner O atoms of WO6 octahedra and GeO4 tetrahedra. Two 

Cu2+ cations and two [Sn(CH2)2COO]2+ moieties are located in 10 

the inner and outer positions in central core of the compound, 

respectively. Each [Sn(CH2)2COO]2+ unit links two B-α-

[GeW9O34]
10- units via five terminal oxygen atoms from two 

POM units, forming hexa-coordinated environments for two Sn 

centers (Sn1 and its symmetrical equivalent position). The Sn–C 15 

distance is 2.153(14) Å, and the Sn–O distances are in the range 

of 2.042(6)-2.340(6) Å. Each Cu2+ ion is six-coordinated by six 

terminal oxygen atoms derived from two B-α-[GeW9O34]
10− units. 

The CuO distances are in the range of 1.941(7)-2.334(7) Å. 

Besides, the estertin precursor [Sn(CH2)2COOCH3]
3+ hydrolyses 20 

into open-chain carboxyethyltin [Sn(CH2)2COO]2+ during the 

reaction process, such a phenomenon has ever been observed in 

our recent report. The exposed carboxyl-terminal group could 

provide new opportunity for the POM-carboxyethyltin derivatives 

further functionalized by linking with metal cation or organic 25 

group. For the packing arrangement of GeW9-Cu-SnR, the 

adjacent sandwich-type polyoxoanions are stacked into a 3-D 

supramolecular framework via the extensive H-bonding 

interactions. 

 30 

Fig. 2 (a) HRTEM and (b) High magnification HRTEM image of SWNT/ 

GeW9-Cu-SnR; (c) EDS and (e), (f) XPS spectrum for SWNT/ GeW9-

Cu-SnR. 

Electrodeposition method was employed to assemble POMs on 

the SWNT electrode which was prepared by screen printing in 35 

advance. Briefly, SWNT paste was obtained by grounding SWNT 

powder in a mixture of glacial acetic acid, ethanol, terpineol and 

ethylcellulose and was then deposited on the cleaned FTO glass 

by screen printing, followed by heating at 300 oC for 15 min.12 

The hybrid electrode was fabricated by cyclic potential scanning 40 

from 0.2 V to -1.2 V, followed by washing with deionized water 

thoroughly and drying in a N2 stream. The obtained hybrid films 

were characterized by HRTEM, EDS, XPS, Raman (Fig. S14-19, 

ESI†). A 12μm thick TiO2 film (P25, Degussa, Germany, Fig. 

S20) sensitized by N719 was used as the photoanode (details see 45 

ESI†). 

In the Raman spectrum for SWNT (Fig. S13, ESI†), its 

dominant D band (1410 cm-1) and G band (1596 cm-1) could be 

clearly observed.13 For GeW9-Cu-SnR, the band around 1098 

cm-1 was associated with the stretching mode of W-Ot.
14 For 50 

SWNT/ GeW9-Cu-SnR, the G band for SWNT becomes weaker, 

which is in good agreement with the results reported elsewhere. 

Notably, the new peaks at 620 and 1100 cm-1 for the hybrid film 

could demonstrate the successful incorporation of polyoxoanions 

on the SWNT electrode. HRTEM images of SWNT/ GeW9-Cu-55 

SnR were collected to investigate their structure in detail. Fig. 2a 

illustrates the presence of wispy carbon nanotubes, on the surface 

of which many nanoparticles are dispersedly loaded with the size 

of around 3.5 nm (Fig. 2b), which are presumed to be the 

aggregations of POM anions. Fig. 2c shows the element 60 

distribution of SWNT/ GeW9-Cu-SnR which was detected by 

EDS analysis. Obviously, the peaks for tungsten, germanium, tin 

and copper could confirm the immobilization of GeW9-Cu-SnR 

on SWNT. Further, the hybrid contains 7.33 wt% of tungsten as 

detected by EDS. XPS was also used to determine the existence 65 

of POMs and their oxidation states in the hybrid film. From Figs. 

2d and 2e, the binding energies of W4f of GeW9-Cu-SnR are 

located at 34.7 eV and 37.1 eV, respectively, which are consistent 

with the WVI oxidation state.15 The two peaks at ca. 34.7 eV and 

37.0 eV are assigned to the XPS spectrum for Ge3d.
16 The above 70 

results suggested that GeW9-Cu-SnR could be immobilized on 

SWNT via electrodeposition and they exist on the surface of 

SWNT in the form of oxidation state. 

The electrocatalytic performances toward triiodide reduction of 

different electrodes including SWNT, SWNT/ GeW9, SWNT/ 75 

GeW9-Cu4, SWNT/ GeW9-Co-SnR and SWNT/ GeW9-Cu-SnR 

were evaluated through cyclic voltammetry (CV), 

electrochemical impedance spectroscopy (EIS) and Tafel 

polarization. Identical conditions were used for Pt electrode as 

reference. 80 

 

Fig. 3 (a) Cyclic voltammograms for the I-/I3
- redox reaction of different 

CEs; (b) Nyquist plot of Pt CE; (c) Nyquist plots of differen SWNT-based 

CEs; (d) Tafel polarization curves; (e) J-V curves of DSSCs using 

different CEs.  85 

There are usually two pairs of redox peaks in CV curves, 

which correspond to oxidation and reduction of I-/I3
- and I3

-/I2 

from left to right.17 The peak current and the value of peak-to-

peak separation between the anodic and cathodic peaks (Epp) are 

two critical parameters for evaluating the catalytic activity of a 90 

CE. As shown in Fig. 3a, for SWNT CE, the cathodic peak that 

was associated with the triiodide reduction was not obvious, 

indicating the reaction was slow, although it’s the key step 

occurring on the CEs in DSSCs. However, the peak current 
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increased and the Epp relating to redox of I-/I3
- decreased 

significantly after modifying SWNT by POMs, and especially for 

GeW9-Cu-SnR and GeW9-Co-SnR which even exhibit smaller 

Epp than Pt CE. Besides, modifying SWNT with the organotin 

fragment Cl3SnCH2CH2COOCH3 (SnR) could also reduce the 5 

Epp and improve the cathodic peak current involving reduction of 

I3
- (Fig. S21-22, Table S7, see ESI†). This phenomenon 

explained that POMs could improve the electrocatalytic activity 

as the modifiers of SWNT CE, and POM-organotin derivatives 

exhibit more remarkable effect, which could be attributed to the 10 

additional contribution by the organotin fragment as another 

catalytic site. Figs. 3b and 3c show the Nyquist plots obtained by 

EIS measurements using symmetrical cells consisting of two 

identical CEs. The high-frequency intercept on the real axis 

represents the series resistance (Rs), the left semicircle region 15 

mainly relates to the charge transfer resistance (Rct) at the 

electrode-electrolyte interface, and the right semicircle region is 

attributed to Nernst diffusion process of triiodide ions.18 Various 

impedance parameters could be obtained by fitting the Nyquist 

plots and listed in Table S6. It can be concluded that the 20 

incorporation of POMs could lead to an obvious reduction of Rct 

which follows the bellow order: SWNT < SWNT/ GeW9 < 

SWNT/ GeW9-Cu4 < SWNT/ GeW9-Co-SnR < SWNT/ GeW9-

Cu-SnR, although they resulted in slight increasement of series 

resistance Rs. In general, a decrease in the interface resistance Rct 25 

resulted in the enhanced electrocatalytic activity of CEs towards 

reduction of I3
-, which further confirmed the results obtained 

from CV curves. Fig. 3d shows the Tafel polarization curves, 

which plots the logarithmic current density (log J) as a function 

of voltage. Comparing the curves, the curve for SWNT/ GeW9-30 

Cu-SnR exhibits the largest exchange current density J0 on the 

electrode surfaces in the Tafel zone. As documented in literature, 

J0 varies inversely with Rct.
19 Thereby, the results by J0 were in 

good agreement with that of EIS.  

Table 1. Photovoltaic parameters for the DSSCs based on various CEs 35 

with N719 sensitizer and I3
-/I--based mediator. 

 Voc, mV Jsc, mA cm
-2

 FF PCE, % 

SWNT 589 13.48 0.626 4.97 

SWNT/ GeW9 587 14.47 0.640 5.44 

SWNT/ GeW9-Cu4 614 14.73 0.647 5.85 

SWNT/ GeW9-Co-SnR 636 14.72 0.662 6.20 

SWNT/ GeW9-Cu-SnR 620 15.80 0.646 6.32 

Pt 687 15.92 0.575 6.29 

Fig. 3e shows the photocurrent–voltage (J-V) curves of the 

DSSCs using different CEs with N719 sensitizer and I3
-/I--based 

mediator. The detailed photovoltaic parameters are summarized 

in Table 1. To assess the reproducibility of the DSSCs with 40 

various CEs, five set of parallel experiments were carried out for 

each kind of CE, and an average data of these results and the 

standard deviation derived from the average value are 

summarized (Tables S8-S13). The photovoltaic characteristics for 

the cells and the corresponding error bar are shown in Fig. S23-45 

S24. The J-V curves in Fig. 3e represent the set of data mostly 

close to that with the average efficiency. It can be concluded that 

the performances of the DSSCs with SWNT/ POMs hybrid CEs 

were enhanced compared with ones with SWNT-only CE. 

Notably, when SWNT/ GeW9-Cu-SnR was applied as CE, the 50 

conversion efficiency of 6.32% was produced, with short-circuit 

current density (Jsc) of 15.80 mA cm-2, an open-circuit voltage 

(Voc) of 620 mV and a fill factor (FF) of 0.646, which could be 

comparable to that of Pt CE that renders a Jsc of 15.92 mA cm-2, 

Voc of 687 mV, FF of 0.575 and an efficiency of 6.29%. The 55 

DSSCs with SWNT/ GeW9-Co-SnR CEs showed a slight lower 

efficiency (6.20%), whereas the SWNT-only CE gave an 

efficiency of 4.97%. Meantime, modifying with GeW9 and 

GeW9Cu4, the precursor of GeW9-Cu-SnR, both exhibited the 

positive effect relative to the pure SWNT CE, although they 60 

produced the lower efficiency than GeW9-Cu-SnR, which was 

possibly resulted from their lower electrocatalytic activity. 

Thereby, SWNT/ GeW9-Cu-SnR or GeW9-Co-SnR, fabricated 

by anchoring POMs on the SWNT electrode via electrodeposition, 

could be the promising alternatives to the conventional Pt 65 

electrode in DSSCs.  

In addition, the electrocatalytic performance of these 

composite electrode was evaluated under another system 

employing Z907 sensitizer with a Co(III/II) based mediator when 

used as CEs of DSSCs. Similarly, five set of parallel experiments 70 

were carried out for each CE to perform statistical analysis (Figs. 

S25-S27, Tables S14-S19). The results show that the performance 

is greatly enhanced by employing the composite electrode 

SWNT/ GeW9-Co-SnR or SWNT/ GeW9-Cu-SnR as CEs when 

using Z907 sensitizer with a Co(III/II)-based mediator. Especially, 75 

the FF of DSSC with SWNT/ GeW9-Co-SnR as the CE was 

increased by 30.3% with the PCE increased by 38.9% compared 

with ones using SWNT-only CE although the PCE was still 

inferior to that of Pt-based cells. These results demonstrated that 

the two POM-carboxyethyltin derivatives could also improve the 80 

catalytic activity of SWNT electrode toward reduction of the 

Co(III) component. Furthermore, the precursor of GeW9-Cu-SnR, 

GeW9-Cu4 could improve the Jsc and PCE of DSSC to some 

extent; on the contrary, GeW9 did not show the positive effect, 

indicating that the transition metal ions may contribute to the 85 

catalytic activity. 

In summary, two new carboxyethyltin functionalized POMs 

were synthesized and applied to the CEs of DSSCs when 

assembled on SWNT electrode for the first time. The composite 

electrodes show the remarkable catalytic activity toward triiodide 90 

reduction and exhibit better photovoltaic performance than Pt 

electrode owing to the synergy of high electrical conductivity of 

SWNT and excellent catalytic activity of POM-carboxyethyltin 

derivatives. This work could provide a new strategy to design 

promising CE materials with both low cost and high efficiency. 95 
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