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Abstract. With the escalating environmental pressures, the multifaceted characteristics of 3D 

materials in terms of energy utilization and stability have attracted widespread attention. This 

paper employs literature research, surveys, and descriptive research methods to discuss how 3D 

composite nanomaterials promote further innovation in new solar cells and their application in 

practical situations. The article mainly focuses on 2D/3D perovskite solar cells, multi-walled 

carbon nanomaterials, and three-dimensional ordered macroporous materials (3DOM) and 

deeply explores their roles in various battery frameworks. The research finds that the 

incorporation of 3D composite nanomaterials has promoted progress in solar cells in terms of 

conversion efficiency and high transmission speed, but there are still great challenges in terms 

of popularization and stability. It also emphasizes their far-reaching impact on promoting 

sustainable energy development. This paper not only provides insights into cutting-edge research 

but also highlights the profound impact that the development of 3D nanomaterials has on 

advancing sustainable energy development options. Unlocking the full potential of three-

dimensional nanomaterials through interdisciplinary cooperation holds great promise for solving 

energy problems and creating new fields. 
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1.  Introduction 

Based on the major strategic goal of “dual carbon” proposed in China, there is a high national focus on 
new energy, sustainable, clean, and low-cost nanomaterials for solar cell applications. The development 
of 3D materials has emerged as a prominent issue, and 3D nanomaterial batteries are a new type of 
battery structure. Among them, 2D and 3D perovskite batteries have attracted widespread attention due 
to their high efficiency and low cost. In order to find more efficient materials, this article summarizes a 
method to merge 2D perovskite layers into 3D structures, and with continuous investment, this field has 
achieved great success. In addition, through in-depth research and application of 3D large-pore ordered 

materials, their advantages such as high surface area, rich porosity, and promotion of substance and light 
interaction have been discovered, and their application in battery electrodes such as 3DOM has been 
found. In addition, there are still some research gaps, such as three-dimensional nanomaterials in the 
preparation of new solar cell equipment and higher performance  research, that need to be further 
overcome, discovered and studied with methods with higher efficiency and better preparation processes. 
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Research on 3D nanomaterials could help develop low-cost, environmentally friendly batteries, improve 
energy efficiency, and open up new avenues for future energy development, This review also discusses 
the prospects and challenges of the development of 3D nanomaterials in solar cells. 

2.  The application of different nanomaterials in batteries 

The application of 3D nanomaterials in solar cells primarily involves the formation of composite 
material structures to improve the photoelectric conversion efficiency, reduce costs, and increase 
stability of solar cells through the special properties of their composite material structures. The 
followings are the applications of different nanomaterials in solar cells. 

3D nanomaterial batteries represent a new type of battery structure. 3D nanomaterials, with their 

excellent performance and wide range of applications, have become popular materials in the field of 
solar energy. These three-dimensional composite materials, formed by the combination of zero-
dimensional particles, one-dimensional nanomaterials, and two-dimensional nanomaterials, offer 
remarkable advantages in terms of stability, environmental friendliness, and sustainability. Notably, 
three-dimensional nanomaterials such as 3DOM, three-dimensional carbon nanotube composites, and 
composite structures in 2D/3D perovskite soar cells all exhibit promising potential for enhancing the 
performance of solar cells. 

The 3D large-pore ordered materials have a larger surface area, unique optical properties, and 
excellent mass transfer performance, which can improve the adsorption of dye molecules and capture 
rate. Moreover, they promote the interaction between materials and light, thus exhibiting significant 
potential in the realm of solar cell applications. For example, in dye-sensitized solar cells (DSSCs), 
3DOM TiO2 thin films serve as photoelectric anodes. Their large-pore structure with a large surface area, 
good light response, and high conductivity, facilitate the promotion of redox reactions in the electrolyte. 
Due to the good three-dimensional interwoven, ordered large-pore structure, it can reduce the 
penetration resistance, improve the diffusion and electron migration efficiency of the electrolyte, and 

significantly increase the photovoltaic efficiency.  
As one of the important components of dye-sensitized batteries, the photoanode not only acts as a 

channel for the transmission of photogenerated electrons to the transparent conductive oxide substrate 
but also allows for efficient diffusion of the electrolyte to the anchored dye molecules. It can be said that 
the photoanode is an important part of ensuring the high power conversion rate and the stability of the 
related period of DSSCs [1]. According to previous studies, short circuit current (Jsc) of the devices is 
related to electron transfer efficiency, light scattering, and dye absorption, while the open circuit voltage 

(Voc) is mainly determined by the energy difference between the material’s Fermi level and the Nernst 
potential of the redox pair [2-3]. 

The layered three-dimensional ordered structure in 3D ordered macro/mesoporous TiO2 (3DOM/m 
TiO2) can mitigate electron recombination to some extent, thereby accelerating efficient electron to the 
electron collector and increasing electron mobility. At the same time, the increased porosity and specific 
surface area of electrons promote the amount of dye absorption, and through the porous structure, it 
becomes a light scattering center that is conducive to light collection. The application of this three-
dimensional hierarchical macro/meso-TiO2 structure holds great promise for advancing novel electrode 

materials with high conversion efficiency and excellent stability. 

3.  Battery architecture using 3D nanomaterials 

The development of solar cells is closely tied to the choice of materials, as different materials give arise 
to special structures with different characteristics. Among these, the utilization of 3D nanomaterials in 

battery architecture has emerged as a prominent research area. 3D nanocomposite materials are 
inseparable from practical applications. 3D nanostructures need to ensure the stability of the structural 
framework while maintaining the original characteristics of nanomaterials. Notable current architectural 
approaches encompass three-dimensional network structures in organic solar cell acceptor materials, 
mixed 2D and 3D perovskite heterostructures in perovskite solar cells, the layered three-dimensional 
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ordered structure in the aforementioned 3DOM/m TiO2, etc [4]. The following takes dye-sensitized 
batteries and 2D/3D perovskite solar cells as examples. 

3.1.  Dye-Sensitized batteries 

Dye-sensitized batteries possess the advantages of convenient assembly, high cost-effectiveness, a high 
power conversion rate, relatively stable performance. As an ideal new energy renewable energy source, 
their success lies in the introduction of nanomaterials as battery electrodes [5].  

Among them, three-dimensional multi-walled carbon nanomaterials are quite special. Their bamboo-
like structure has rich edge defects, which can overcome the disadvantage of absorbing a small amount 
of sunlight by absorbing a dye monolayer, and then produce a larger photocurrent by continuous 

reflection within the film [6]. It promotes the electron transfer dynamics at the electrode- electrolyte 
interface and greatly improves the energy conversion efficiency. 

Zheng Wei, Tao Qi and others conducted research on the preparation and characterization of multi-
walled carbon nanotube materials in the electrodes of dye-sensitized batteries. They successfully 
developed a counter electrode (CE) for dye-sensitized solar cells (DSSCs) [7]. Due to the excellent 
conductivity and mechanical properties of carbon nanomaterials, graphene CEs have been extensively 
used to improve their performance in DSSCs. CE materials are all three-dimensional (3D) materials, 

and can be divided into two types. Dr. Xue Yuhua prepared N-doped graphene foam on a piece of 
graphene paper and Dr. Li Shuxian manufactured carbon nanotubes as CEs to improve their catalytic 
activity [8]. The main approach involves using multi-walled carbon nanotube (MWCNTs) as the 3D 
matrix with nano graphite powder serving as a filler to create CE films on fluorine tin oxide glass. By 
placing MWCNTs in a strong acid environment to reduce aggregation and using nano graphite powder 
to increase conductivity, Figure 1 illustrates the working principle of DSSCs with CEs applied to 
electrodes in the laboratory settings. The composite 3D structure in this device is conducive to 
accelerating the rate of electron transfer channels between MWCNTs and fluorine tin oxide (FTO) [7]. 

  

Figure 1. Schematic representation of a DSSC 
with MWCNTs as the counter-electrode [7] 

Figure 2. SEM images of the counter-electrodes 
(a) before and (b) after the acid oxidition [7] 

The performance of MWCNTs is characterized by the electrochemical impedance spectra (EIS), 

Cyclic voltammetry curve (CV), and Volt-ampere characteristic curve (I-V) analysis of the photoelectric 
properties of DSSCs. Figure 2 illustrates this characterization, where panel (a) and (b) depict high 
magnification images of MWCNTs on the substrate before and after acid oxidation, respectively. The 
three-dimensional meso-porous network is formed by multi-walled carbon nanotubes. From this, the 
characteristics of MWCNTs can be analyzed with a rough surface and a higher specific surface area, 
which is conducive to the catalysis of CEs. After acid oxidation treatment, the contact between the 
electrode and the electrolyte is increased. The increase in surface defects and porosity of MWCNTs 

promotes an increase in specific surface area and catalytic activity. The nano graphite material will enter 
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the pores to form a porous network structure with excellent electrical conductivity, improving the 
conductivity of the electrode. At the same time, CE materials have good reversibility and stability.  

In addition, the research also shows that acid oxidation and nanographite are beneficial to improve 
conductivity and the photoelectric properties of the battery. However, MWCNTs may weaken the 

adhesion of the bottom plate, eventually leading to detachment during operation. Research by Tong 
Jiawei and others has shown that the ionic liquid modification of MWCNTs has maintained good 
wettability and enhanced thermal conductivity, which can effectively improve the dispersibility and 
adhesion of MWCNTs in the liquid. This solves the hidden danger of the problem [9].  

3.2.  Perovskite solar cells (PSCs) 

Carrier transport is an important step in promoting the efficiency of the formation of more efficient and 
stable perovskite solar cells. In their reseach, Saba Rasheed et al. demonstrated the utilization of a new 
electron transport layer (ETL) comprising tin oxide, graphene nanoribbons (GNRs), nitrogen-doped 
GNRs(N.GNRs), and gold nanoparticles(Au-NPs). They also proposed three 2D/3D perovskite solar 
cell architecture as well as the impact on solar cells. These advancements greatly improve the 
photovoltaic conversion efficiency (PCE) of solar cells.  

Although two-dimensional nanomaterials show good characteristics in solar cells, their limited 

carrier transport rate and narrower absorption range hinder satisfactory PCE results. To address this 
issue, 2D/3D perovskite batteries have attracted attention. The 2D layer can act as a moisture-proof 
protective cover safeguarding the 3D layer from degradation. The selection of suitable ETL materials is 
critical for PSCs performance; among them, metal oxides such as tin oxide (SnO2) and titanium dioxide 
(TiO2) are commonly employed as ETL materials in perovskite solar cells (PSCs) due to their stability 
and electron conductivity and other advantages. The three structures are TiO2/SnO2/GNRs/PSC, c. 
TiO2/SnO2/GNRs/N.GNRs/Au-NPs/PSC, and c. TiO2/SnO2/GNRs/N.GNRs/PSC. 

 

Figure 3. Schematic diagram of c. TiO2/SnO2/GNRs/N.GNRs/Au-NPs/Perovskite/PEDOT: PSS/Ag 

Perovskite Solar Cell [10] 

As shown in Figure 3, the three perovskite structures are all composed of FTO glass, which should 
be cleaned following the standard procedure. After air-drying at room temperature, the pristine FTO 
glass can exhibit enhanced performance. The second step is to deposit a dense TiO2 layer. The third step 
shows different constructions for the three structures. The first sample uses deionized water to make a 

graphene nanoribbon solution by ultrasonic treatment. In the second sample, nitrogen-doped graphene 
nanoribbons are formed via probe ultrasonication. And in the third structure, additional components 
such as gold nanoparticles are incorporated. Subsequently, analysis methods such as ultraviolet-visible 
spectroscopy were used to detect that the third structure had a smaller band gap and smaller interface 
resistance with the addition of gold nanoparticles, which is conducive to carrier transport. It also 
indicates the resonance characteristics of plasmonic nanomaterials, which can better promote charge 
transfer and achieve higher efficiency [10]. 
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4.  Challenges and development trends of solar cells based on 3D nanomaterials 

Due to the defects in two-dimensional nanomaterial solar cells, the development of three-dimensional 
nanomaterials is being focused on [11]. For 3D large-pore ordered materials, the large pore morphology 
may lead to structural instability and photocatalytic performance is far from ideal in practical application. 

There are not many types of materials that can be coupled, which is an important problem to be solved 
for large-scale applications [12]. At the same time, 3D nanomaterials in solar cells, taking 3D perovskite 
batteries as an example, reduce interface recombination, which also causes the loss of charge transfer, 
and the extraction and transmission efficiency issues in the three-dimensional grid holes still need to be 
further improved, and a subsequent study of 2D/3D heterostructures showed higher photoelectric 
performance and stability [13-14]. And multi-walled composite carbon nanotubes in the application 
process will also be affected by the solvent environment for a long time. Corrosion impacts long-term 
performance, and how to balance their own characteristics to adapt to different scenes is still a big 

challenge. 

5.  Conclusion 

It can be seen that the use of three-dimensional nanomaterials in solar cells can increase the efficiency 
of light capture and collection capacity of the cell due to its large specific surface area. The three-

dimensional spatial grid structure with multi-stage pore structure, porous, large pore, and multi-layer 
can increase the ability of light reflection and scattering, the light utilization efficiency, and the space 
utilization rate of materials to a certain extent. It also has the characteristics of an optimized charge 
transfer path and can freely design a unique charge transfer channel, which can reduce the recombination 
rate of three-dimensional material space so as to better improve the photoelectric conversion efficiency. 
At the same time, perovskite solar cells and dye-sensitized cells composed of three-dimensional 
materials have made progress in stability and light utilization, and the three-dimensional heterogeneous 
structure in perovskite solar cells better changes the interface quality, reduces the resistance between the 

electron/hole transport layer, reduces the energy loss during charge transfer, and also improves the 
environmental adaptability of the battery.  

In addition, dye-sensitized battery CE materials improve the stability and activity of the battery, but 
the adhesion problem also leads to certain hidden dangers, and the ionic liquid modification just solves 
this problem. Therefore, three-dimensional nanomaterials play an important role in sustainable 
development and are widely used in solar cells, and their new structural design, material synthesis, 
photovoltaic conversion, and other characteristics are of great significance for battery research. With the 

deepening of research, some new three-dimensional nanomaterials in the preparation of photovoltaic 
cells and performance research gaps and problems will be solved, while there will be more new materials 
and structures to further improve the photoelectric conversion rate, promote the development of existing 
technologies, and provide a new path for future sustainable development. 
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