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Fig. 2 Principle of the SnO,-based DSSC!'”
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Fig. 3 Transmission paths of the charge in different SnO,
nanostructures: (a) Nanoparticles, (b) one dimensional
structure, (c) nanoparticles with thin film layer, and
(d) nanoparticles with nanorods'?®
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Fig. 4 Schematics showing the evolution of fiber morphology
with different precursor concentrationd>
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Table 1 Parameters of the DSSCs based on single SnO, and SnO, composite

Morphologies Vod/mV Jso/(MA-cm™) Fl% nl% Samples
Zero-dimensional structure 555 5.05 51.00 143 SnO, NP
655 19.60 48.90 5.20 SnO, NPs®
640 14.27 4230 3.89 Sn0O, NCg*!
503 9.87 63.70 3.16 SnO, NCs!*
516 2.38 40.50 0.50 SnO, NPs™!
320 7.37 41.00 1.00 SnO, NCs!™
450 5.83 56.00 1.48 SnO, NPs®"
590 7.00 34.40 142 SnO, NPs'®!
417 7.01 37.00 1.10 Meso-SnO,™"
290 2.40 40.00 0.28 Sn0O, NS
One-dimenstional structure 660 3.95 60.00 1.08 SnO;NRs *4
930 17.90 68.00 10.00 SnO; nanotube’
596 5.19 64.00 2.00 SnO, PNF&™
600 3.00 38.30 0.71 Sno, NF*
490 7.99 27.00 1.06 SnO, NT!
325 9.49 52.90 1.77 SnO,(s) NRs!*!
560 6.72 34.19 1.29 SnO; nanochanne! 1!
650 14.00 61.00 5.60 SnO, NTS'*
Two-dimensional structure 320 5.17 39.89 0.62 SnO; nanoflakes™'”
300 2.60 30.00 0.23 SnO; Nanosheets™*?
Three-dimensiona structure 560 6.85 43.20 1.66 Nanoporous SnO*8
700 7.30 59.60 3.00 SnO; nanoflowers™
430 436 59.29 i1 SnO; nanoflowers!“3
495 8.50 35.90 151 SnO, HNSE™
567 10.10 43.80 3.18 SnO, sphered™
692 9.38 65.00 421 SnO, microsphere!™
330 4.20 31.00 0.42 SnO, Sphericals™”
520 3.60 56.00 1.04 Coral-like porous SnO,*"
383 10.80 45.70 1.88 Sno, Mg™
440 5.44 43.48 1.05 SnO; nanoflowers™
380 7.62 49.60 143 Urchin-like SO,
Composite structure 626 18.60 44.30 5.16 SnO, NP-NFg*!
525 9.90 48.70 2.53 SnO, NW-NPs*!
573 9.66 62.50 3.46 SnO, NP-sM s
509 16.10 46.60 383 SnO, NP/spheres’™

NPs: Nanoparticles; NCs: Nanoclusters, NRs: Nanorod; SMS: reflector; Voc. Open-circuit voltage; Jsc: Short-circuit current density; F: Filling factor; #:
Photoel ectric conversion efficiency.
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Fig. 6 Illustration of band structures and electron transfers for
SnO,-based DSSCs before and after Ga doping'®
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F*2 ETFREEIHFABTBER SN0, LRI 8L KAgE B IEaES 5L
Table 2 Parameters of DSSCs based on surface-modified and doped SnO, with differentnanostructures

Morphologies Voc/mV Jsc/(mA-cm ™) Fl% 7% Samples

TiO, coating layer 780.0 6.980 55.00 152 SnO, NR-TiO*!
680.0 9.910 49.00 347 SnO; nanotube-TiO,*)
725.0 10.250 67.60 5.02 SnO,@AIr@TiO,™
744.0 18.280 48.05 6.54 SnO; HNS-Tio™!
650.0 11.200 45.00 334 SnO, NS-TiO,
594.0 19.500 59.70 6.92 SnO, aggregates-TiO™
760.0 12.740 57.48 5.60 SnO; nanoflower—TiCl,™
798.0 4580 62.60 2.29 TiO, (5% SnO) NFs™
720.0 17.620 56.60 7.18 55-Sn0HMS-TiCl /&
763.0 14.390 58.30 6.40 SnO; octahedra-Tio, ®!
803.0 14.110 55.00 6.25 SnO, microsphereTiCl /&
740.0 14.700 55.50 6.05 Urchin-like SnO-TiO,®
450.0 11.400 51.00 2.64 SnO, NP-TiCl,
711.0 10.420 51.00 3.80 Meso-SnO,-TiO*
330.0 19.650 40.00 255 SnO,@TiOH '™
780.0 16.670 66.00 8.70 D-TiO,+TS317

ZnO/MgO/AI,0; coating layer 510.0 10.900 65.00 3.70 SnO, NP-AI,0;*
341.0 10.870 54.00 2.01 Sn0, NP-AI,05®
597.0 18.280 63.00 6.83 Sno, NP-MgO[*®
550.0 9.210 49.00 2.48 Mesoporous SnOMg'®
523.0 3.600 70.00 1.33 SnOMgo™
430.0 9.500 42.00 177 SnO~Mgo™
656.0 16.300 59.00 6.31 SnO, NP-Zn0O!*
650.0 15.930 47.00 472 SnO,NB-ZnO!'™
630.0 8.630 66.00 3.68 Sn0,@ zno ™
687.0 15.000 69.00 717 SnOZno!*!
447.0 8.810 52.00 2.03 Sn0o,@Mgo!t®
665.0 10.450 41.80 2.90 SNO,~ZnO (50%)1*

Other oxide coating layer 540.0 10.130 59.00 323 Sn0O, NP-CdO!%?
454.0 8.840 45.80 184 SnOCa0t™
610.0 9.470 51.00 3.00 SnO,NC-zng™
591.0 11.300 76.40 5.10 SnO, NP-CaCO4™
590.0 10.980 73.00 472 SnO,HMS-Znso,*
570.0 7.220 74.00 3.05 SN0, microsphere-ZnSO,***
475.0 0.870 70.00 0.29 SnO,@Cu0!**
598.0 3.910 52.00 1.21 SnO,@NiO®!
643.0 15.700 52.52 531 RGO/SnO, %!

lon doping 780.0 6.060 62.10 3.00 Zn-Sno,*
590.0 9.220 74.00 415 Zn-Sno,™
560.0 13.480 55.40 418 Zn-Sn0,*¥3
673.0 16.860 67.80 7.70 Zn-SnO,-TiCl, %3
780.0 10.760 51.88 4.38 Mg-SnO,%
740.0 7.410 73.70 405 Ga-Sno*
986.0 5.020 71.00 351 Al-Sn0, @
4545 6.070 55.22 1.64 Au-SnO®
698.0 1.903 51.70 2.79 Ag-SnOA™

730.0 20.430 66.00 6.93 Ag-SnO,/TiO 04
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Development on SnO, Photoanodes for Dye-sensitized Solar Cells
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Extended Abstract

In the increasing severe energy crisis, the use of solar energy to replace traditional fossil fuels becomes a consensus in
worldwide due to the non-renewable nature of fossil fuels and the inability of new energy sources such as hydrogen, wind, and
nuclear energy. Among the forms of solar energy utilization, dye-sensitized solar cells (DSSCs) are a research hotspot in energy
development and utilization due to their low cost, abundant raw materials, high efficiency, and long service life. The photoanode is
an important component of DSSCs and plays a significant role in improving the photoel ectric conversion efficiency of DSSCs. In
recent years, various materials and modification methods for dye-sensitized solar cells are applied to design the photoanodes for
the improvement of their photoelectric conversion efficiency. Among various photoanode materials, SnO, is an idea candidate due
to its higher electron mobility (i.e., about 125 cm?V™1.s?) and larger bandgap width (i.e., 3.5 eV). However, SnO,-based
dye-sensitized cells still have two main challenges, i.e., the lower open-circuit voltage (Voc) (Compared to TiO,, the conduction
band edge of SnO, shifts positively by up to 300 mV, resulting in a reduced difference between the conduction band potential and
the redox potential of the electrolyte); and the lower current density (The isoelectric point of SnO, is smaller, which reduces the
binding force between SnO, and acidic photosensitive dyes, leading to a decrease in dye adsorption and thus limiting the increase
in current density from the source).

This review represented recent research progress on tin SnO, photoanodes in DSSCs, emphasizing the potential application of
SnO, in DSSCs and the challenges. This review introduced the structure and working principle of SnO,-based DSSCs, and analyzed
the key factors affecting the photoel ectric conversion efficiency, including short-circuit current density (Jsc), Voc, and fill factor (FF).
This review discussed the factors influencing these parameters and focused on the current state of research on improving SnO,
photoanodes, with the methods including surface coating, composite construction, ion doping, and metal doping. Although various
modification methods are developed to improve the performance of SnO, photoanodes, the overall photoelectric conversion efficiency
is still lower, restricting its widespread application in alarge scale. Therefore, devel oping more advanced modification techniquesis a
necessity to further enhance the performance of SnO; (i.e., its stability and recyclability), and facilitate its wide application in the
energy field, thus providing an effective solution to alleviate the energy crisis.

Summary and prospects SnO,-based DSSCs have a potentia to replace TiO, DSSCs due to their outstanding charge transport
capabilities and stable optical properties. However, alower conduction band position of pure SnO, makesit difficult to achieve an Ve
beyond 500 mV. Also, the lower isoelectric point limits dye adsorption, inherently reducing the Jsc. To address the poor performance
of SnO, nanoparticles, modifications such as changing their structural morphology, surface coating, and ion doping can be employed
to enhance charge transport and suppress charge recombination, significantly improving the photoelectric conversion efficiency of
SnO, cells. To date, the photoelectric conversion efficiency of cells based on pure SnO; is 8.74%, while that of SnO,~TiO, composite
cellsis 9.53%. Although these are significant breakthroughs, there is still a gap, compared to TiO, cells (i.e., 13%). It is evident that
the current density of SnO, is able to reach a high level (i.e., greater than 20 mA-cm™) due to the good transport performance of SnO,,
compared to that of TiO,, but there is still some gapsin open-circuit voltage and fill factor.

Future research aspects are as follows:

1) Thereis agreat need for a deep understanding of electron generation, transport, loss, and collection within DSSCs, but many
issues remain to be resolved. For instance, the recombination mechanism of photo-generated electrons with 15 is still unclear. The
complex internal electron transport process has yet to be fully explained by any model, especialy under certain light intensity
disturbances affecting photo-generated current and voltage (IMPS/IMV'S), necessitating further detailed theoretical studies. There are
many possibilities for the process of electron injection from the semiconductor film to the FTO interface, such as thermal emission
and tunneling, and thereis currently no suitable theory to describe this interface, requiring a further research.

2) The further use of transition metals with radii that are similar to Sn** (such as Ti**, W*', and In*") or the synergistic effect of
co-doping metals can be explored to specifically improve various properties of SnO,.

3) To further break through the photoel ectric conversion efficiency of SnO,, it is necessary to investigate the working process of
DSSCs from a microscopic perspective and optimize each part to identify the processes limiting electron transport, improve electron
yield, enhance electron transport processes, and reduce electron loss, aiming to achieve the optimum photoelectric conversion
efficiency.
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