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School of Materials and Chemical Technology, Institute of Science Tokyo, Ookayama 2-

12-1, Meguro-ku, Tokyo 152-8552 Japan

Abstract
Carbon-based materials, in particular carbon nanoflakes (CNF) and carbon quantum dots 

(CQD), have been increasingly used in charge transport layers and electrodes for perovskite 

solar cells (PSC). There are practically limitless possibilities of designing such materials with 

different sizes, shapes and functional groups, which allows modulating their properties such 

as band alignment and charge transport. Solid state packing further modifies these properties. 

However, there is still limited insight into electronic properties of this type of materials as a 

function of their chemical composition, structure, and packing. Here, we compute the 

dependence of band alignment and charge transport characteristics on size, chemical 

composition, and structure of commonly accessible types of nanoflakes and functional 

groups and further consider the effect of their packing. We use a combination of density 

functional theory (DFT) and density functional-based tight binding (DFTB) to get electronic 

structure level insight at length scales (nanoflake sizes) relevant to the experiment. We find 

that CNFs must have sizes as small as 1.3 nm to provide band alignments suitable for their 

use as hole transport materials with methylammonium lead iodide commonly used in PSCs. 

We show that both shape and functionalization can significantly modify band alignment of 

the CNF, by more than half an eV. Inter-flake interactions further modify the band alignment, 

in some cases by about half an eV. CNFs of such small sizes possess sufficient inter-flake 

1 E-mail: mihara@chemeng.titech.ac.jp . Tel.: +81-(0)3-5734-3918
2 E-mail: Manzhos.s.aa@m.titech.ac.jp . Tel.: +81-(0)3-5734-3918 

Page 1 of 45 Physical Chemistry Chemical Physics



Page 2 of 44

electronic coupling for efficient hole transport. In contrast, no shape or size of CNF produces 

band alignment suitable for use as electron transport materials. 

Keywords: carbon nanoflake, carbon quantum dot, perovskite solar cell, density functional 

theory, density functional tight binding, charge transport material.

1 Introduction
Hybrid organic-inorganic perovskite solar cells (PSC) have been attracting great research 

interest in the past decade due to their relatively high power conversion efficiencies (PCE), 

flexibility, relative ease of synthesis of the perovskite material and ease of device fabrication. 

With hole transport materials (HTM) and electron transport materials (ETM), PSCs have 

achieved PCEs of over 25% in academic research, but remain far from commercialization 

due in particular to poor device stability.1–5 For instance, hybrid organic-inorganic 

perovskites, such as the widely used methylammonium lead iodide (MAPbI3), are highly 

sensitive to water, which leads to its rapid degradation under ambient environments, resulting 

in a significant reduction in device efficiency.6,7 Moreover, widely used HTMs can accelerate 

the degradation process. HTMs such as Spiro-OMeTAD and PTAA are commonly employed 

to enhance device efficiency despite their high cost.8,9 To ensure efficient hole transport, p-

dopants such as Li-TFSI and tBP are often applied to improve the hole mobility of these 

HTMs. These molecular dopants are hydrophilic and can absorb moisture from air.10–15 The 

moisture accumulated in the HTM layer can lead to perovskite degradation, counteracting 

the purpose of encapsulation and protection.10,12,16–18 Though attempts have been made to 

develop more stable dopants, such as Cu(II) pyridine, F4-TCNQ, CO(III) and CuSCN, their 

high costs and complex synthetic routes are still outstanding issues.11,16,19–24 Therefore, the 

development of dopant-free, non-expensive HTMs has become an important direction in 

resolving the bottleneck on the way to practical and large-scale application of PSCs.25–30 
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Non-fullerene-based carbon derivatives, particularly carbon nanotube (CNT) -based and 

carbon nanoflake (CNF) -based materials, have gained increasing attention in recent years, 

especially as materials for charge transport layers in PSCs.31–47 The hydrophobicity of certain 

carbon materials can protect the perovskite layer from moisture degradation and greatly 

improve the lifetime of the device.32,37,46,48 Furthermore, carbon-based materials can have 

high conductivity, allowing them to be used without dopants.49–52 In contrast to molecular 

HTMs with complex and costly synthesis routes, high abundance of carbon sources makes 

them potentially amenable to large-scale production with relatively low cost.46,53–55 

Furthermore, carbon-based materials can be synthesized from biomass or wastes, making 

them also promising from the perspective of environmental remediation.47,56–64 The 

significant potential of carbon-based HTMs has attracted growing research interest, 

prompting efforts to replace traditional HTM/gold electrodes with carbon-based materials in 

the development of carbon-based PSCs (C-PSC). In comparison to traditional PSCs, C-PSCs 

can demonstrate improved long-term stability even without encapsulation.31,32,37,38,46,48,54 In 

addition, functional groups in carbon-based materials have also been reported to contribute 

to the crystal growth of perovskite and stability enhancement of the device.36,65–67 Chen et al. 

applied oxygen-containing functional groups-decorated CNT in C-PSCs.36 The functional 

groups formed strong hydrogen bonding with MA+ in MAPbI3 perovskite and obstructed the 

reaction between water molecules and the perovskite layer. On the other hand, the effect of 

functional groups on key electronic properties of charge transport, such as band alignment, 

reorganization energy, and electronic coupling, have not been fully elucidated. The 

interpretation is particularly important considering interest in synthesizing carbon-based 

materials from biomass and waste47,56–64 in which case multiple functional groups may be 

present in an uncontrollable way.

Despite notable achievements in enhanced stability, the highest PCE of C-PSCs (over 17%) 

is still lower than that of the conventional PSCs (over 25%).1,3–5,68 The carbon materials 

currently employed, such as CNT-based and CNF-based materials including multi-walled 

CNTs, carbon black and graphite, often serve as substitutes for metal electrodes and 

HTMs.37–45,47,48,56–61,69,70 While modifications to their work function or conductivity have 
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been explored to improve charge extraction and transport, these materials still lack the hole-

selectivity of traditional HTMs,33,39–45,54,69 leading to charge recombination at the 

carbon/perovskite interface and limiting overall device performance. Effective and 

unidirectional charge transport requires proper band alignment. For HTM in PSCs, this 

means that HOMO of the material should approximately match the VBM (valence band 

maximum) of the perovskite and LUMO of the material should be (preferably much) higher 

than the CBM (conduction band minimum) of the perovskite.71–74 In addition, other 

electronic properties including reorganization energies and electronic coupling integrals are 

also expected to affect the performance of charge transport materials.75–77 However, most 

empirical studies use homemade or commercialized carbon materials without considering 

whether they are suitable for the intended application from the perspective of electronic 

properties.56,61,78,70 The lack of rational selection of carbon materials to be used may 

contribute to the low performance of C-PSCs.

As mentioned above, the non-fullerene-based carbon materials can be roughly classified 

as CNT-based and CNF-based. For CNT-based materials, research on the relationship 

between their band structure and structural properties is relatively well established.79–82 From 

the known relationship between CNT structure and its electronic structure, it is rather clear 

that obtaining CNT with band structure suitable for selective charge transportation in PSCs 

remains to be a challenging task.79 In contrast, CNFs in principle allow a wide degree of 

control over band alignment by the choices of CNF sizes, shapes and functionalization. In 

recent years, CNF-based materials such as carbon quantum dots (CQD) and related materials 

such as carbon black have attracted great attention due to their easy synthesis, easy 

functionalization, chemical inertness and environment-friendliness. They have been applied 

in PSCs as electrodes or additives to the HTM/perovskite/ETM layers to enhance charge 

mobility.31,46,83,84 However, as Zhou et al. pointed out in their review,84 there is relatively 

limited insight into the use of CQDs as charge transport materials. When replacing existing 

HTMs/ETMs, carbon-based materials often lead to poor device performance due to the lack 

of charge selectivity.54 For example, the size of CNFs (CQDs) currently used as HTMs for 

PSCs typically range in size from tens of nanometers to several micrometers,60,70,78 far 
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exceeding the optimal size proposed in this study below. Devices based on these materials 

exhibit PCE on the order of 10%, which is significantly lower than what can be achieved by 

conventional HTMs i.e. Spiro-OMeTAD (in the order of 20%).3,4,16,19 This issue can be 

addressed through the rational design of the materials to be used. 

To understand the potential of rational design of CNF-based materials with suitable band 

structures and charge transfer characteristics, an electronic structure level of analysis is 

necessary. However, there are still few previous studies of the electronic properties of CNF-

based materials, while most of them are in applications other than PSCs. Barnard et al. have 

explored the effect of the shape, size, edge structure, and termination of single-layer CNFs 

on their electronic properties in a series of studies, but not in the context of a specific 

application.85–90 Moreover, modifications including functionalization and doping are also 

believed to have significant impact on the band structure of CNFs. In the field of photovoltaic 

devices, several studies have explored the effect of doping or functionalization on the 

electronic properties of carbon-based materials such as CQDs.91–95 For example, Kumar et 

al. recently constructed models of CQDs decorated with oxygen-, nitrogen-, and sulfur-

containing functional groups and evaluated their potential as HTMs.91 However, most studies 

only remain at the molecular level (typically for particular molecular sizes and shapes), while 

a comprehensive study including the effect of CNF packing on the material’s electronic 

structure and charge transfer integrals remains missing, which is a critical parameter that 

should be considered; this is done this work. Recently, several studies appeared focusing on 

reorganization energies of CNF or generally polyaromatic hydrocarbon (PAH) based charge 

transport materials96–99 but they (as well as modeling works on CNFs for other 

applications100,101) did not consider their selection specifically for PSC, i.e. simultaneously 

the conditions of suitable HOMO and high enough bandgap in addition to reorganization 

energy; this is done in this work. One bottleneck in such calculation is that the consideration 

of packing calls for relatively large-scale models, which may be unfeasible with DFT-based 

methods.102 The high cost of DFT also limits the computational scale when dealing with 

carbon materials for other applications, including LEDs103, thermoelectrics104, secondary-ion 

batteries105 and electrocatalysts106.
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In this work, a combination of DFT and density functional-based tight binding (DFTB)107 

-based methods are applied to obtain electronic structure level of insight into the properties 

of CNF-based materials relevant for their potential use as charge transport materials in PSCs. 

Hybrid DFT was applied in smaller systems, while DFTB, with its frontier orbital energies 

calibrated to DFT (i.e. estimating DFT energies from DFTB results), was employed for larger 

models where hybrid DFT becomes impractical. We consider the trend in the CNF’s band 

alignment as well as charge transfer properties in relation to their structural and 

compositional parameters as necessary conditions to be met for efficient charge transport. 

We quantify the effect of changes in shape, size, defects and functionalization on the 

electronic structure, band alignment, and reorganization energies of CNFs. In solid state, 

although those electronic properties of individual CNFs are often relatively weakly modified 

by van der Waals interaction, this modification can still have substantial effect on cell 

performance.108 We first investigated the role of size and structural/compositional 

modifications on the frontier orbital and reorganization energy at a single CNF level; to 

evaluate the effects of packing on the band alignment, stack models with multiple CNF layers 

were investigated. We find that for selective charge transportation in perovskite solar cell, 

the size of the CNFs should be as small as 1.3 nm. The shape of the flakes significantly affects 

their band alignments, as well as the existence of defects and functional groups.  stacking 

reduces the band gap by about half an eV, while the effect of different stacking patterns is 

negligible. Charge transfer properties of the CNFs are evaluated with the Marcus theory, and 

we find that hexagonal CNFs with diameters of 1.3 nm can typically deliver reorganization 

energies on the order of 0.1 eV and charge transfer rates on the order of 1014 s-1.

2 Methods
DFT calculations were conducted with the Gaussian16 software package109 and the 

GaussView6 GUI.110 The monolayer CNF models were optimized using B3LYP/6-31+G(d, 

p) calculations.111 We confirmed that larger basis sets do not change the conclusions (see 

Figure S1 and S2 in Supporting Information for the results of convergence studies). To 

account for interactions between CNFs, we used Grimme’s D3 dispersion correction.112 To 
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have a consistent computational setup, the use of dispersion correction is also extended to 

the calculation of single CNFs. For those systems where the CPU cost of DFT was too high, 

DFTB calculations were performed with the DFTB+ program package.113 Parameter set 3ob-

3-1 is used for geometry optimization for all systems.114 This parameter set is part of the 

Third-Order Parametrization for Organic and Biological Systems (3OB) that has been 

designed for Third Order Density Functional Tight Binding (DFTB3).115 The structures were 

optimized until forces were below 0.02 eV/Å under the electronic temperature of 300 K. 

Dispersion correction based on the Lennard-Jones potential is included in the calculation for 

the van der Waals interactions in the system,116,117 using parameters from the Universal Force 

Field (UFF).118 As DFTB is parameterized based on GGA DFT calculations that 

underestimate the bandgap by about 30% due to delocalization error,119,120 the results from 

Gaussian using the hybrid B3LYP functional were used to calibrate the DFTB results for 

achieving hybrid-DFT-like accuracy of frontier orbital energies and bandgap (see Supporting 

Information).

Charge transfer characteristics were evaluated using Marcus theory121,122 whereby a charge 

hopping mechanism between molecular units is assumed, and the hopping rate k between 

electronic states i and j of molecular units is computed as

𝑘 =
2𝜋
ℏ |𝑉𝑖𝑗|2 1

4𝜋𝜆𝑘𝐵𝑇
exp ―

(Δ𝐺 + 𝜆)2

4𝜆𝑘𝐵𝑇

(2.1)

where ℏ is the Plank constant, 𝑉𝑖𝑗 is the electronic coupling between 𝑖 (initial) and 𝑗 (final) 

state, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the absolute temperature, Δ𝐺 is the difference in 

Gibbs free energies between the final and initial states, and 𝜆 is the reorganization energy. 

Here, we only consider charge transfer within the hole/electron transport layer, i.e. between 

like molecules; hence Δ𝐺 = 0, and equation 2.1 can be simplified to:

𝑘 =
2𝜋
ℏ |𝑉𝑖𝑗|2 1

4𝜋𝜆𝑘𝐵𝑇
exp ―

𝜆
4𝑘𝐵𝑇

Page 7 of 45 Physical Chemistry Chemical Physics



Page 8 of 44

(2.2)

The reorganization energies were computed as 

𝜆 = 𝐸+
0 ― 𝐸+

+ + (𝐸0
+ ― 𝐸0

0)

(2.3)

where 𝐸+
0  is cation’s energy at the geometry of the neutral molecule, 𝐸+

+ is cation energy at 

optimized cation geometry, 𝐸0
+ is the energy of the neutral molecule at cation’s geometry, 

and 𝐸0
0 is the energy of the neutral molecule at optimized neutral geometry. 

The electronic coupling integrals were estimated from the splitting of the frontier orbital 

energies (upon dimer formation from individual CNFs) as123  

𝑉𝑖𝑗 =
1
2 (𝜖𝑖 ― 𝜖𝑗)

(2.4)

where 𝑉𝑖𝑗 is the electronic coupling, 𝜖𝑖 and 𝜖𝑗 are the energies of the orbits of the dimer that 

derive from the HOMO (for hole transfer) or LUMO (for electron transfer) of the monomer 

(as it splits due to inter-CNF interactions). Known as the “energy splitting in dimer” method, 

this approximation is widely used because of its simplicity.123 This is a simplistic approach, 

but it is sufficient for our purpose of investigating the trend of charge transfer properties in 

different CNFs and compare it to existing HTMs. 

All CNFs considered here are hydrogen-passivated, as they are stable and have higher 

bandgaps than non-passivated or saturated structures (see SI, Figure S5). Multiple PAH 

shapes are in principle synthesizable and have been considered for various 

applications,96,97,124,125 and there is a continuum between PAH molecules and what can be 

called a CNF or a CQD. In this work, we focus on low aspect ratio, zigzag terminated 

structures. Previous calculations indicate that when the number of carbon atoms allows 

forming such structures, they are the most stable.125,126 We also show below that low aspect 

ratio is preferred from the perspective of obtaining a higher LUMO energy. Such structures 
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are also expected to easier crystallize than “branched” structures (see e.g. the well-known 

crystal structures of pyrene or coronene127–130), which is advantageous for charge transport.

3 Results
3.1 Effects of size and shape of carbon nanoflakes

To understand the effect of CNF size and shape on their band alignments, we investigate 

CNFs with different shapes and sizes with hybrid DFT. To investigate the effect of shapes, 

CNF models with similar number of carbon atoms (𝑛 ≈ 150) and different shapes (hexagonal, 

ribbon A-C with increasing aspect ratio, see Figure 1) were constructed. Their HOMO and 

LUMO energies are summarized in Figure 2. For a given size n of the CNF, as the aspect 

ratio increases, the bandgap of the flake decreases due to the additional edge states occupying 

the bandgap (as shown in Figure 2 and S3 in Supporting Information). Therefore, low aspect 

ratio CNFs such as hexagonal-shaped ones with wider bandgaps are desired for selective 

charge transportation in solar cells and other technologies where charge transport layers are 

used.103–106 

Figure 1. Models of CNFs with various shapes (hexagonal, ribbon A – C) and sizes (0.8 – 2.7 
nm): (a) Hexagonal (n = 150), (b) Ribbon A (n = 144), (c) Ribbon B (n = 150), (d) Ribbon C (n 
= 152), (e) CNF24 (n = 24, d = 0.8 nm), (f) CNF54 (n = 54, d = 1.3 nm), (g) CNF96 (n=96, d = 
1.7 nm), (h) CNF150 (n=150, d = 2.2 nm), (h) CNF216 (n=216, d = 2.7 nm).
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The effect of CNF sizes was therefore studied next with hexagonal flakes with different 

diameters ranging from 0.8 nm to 2.7 nm. The results are also shown in Figure 2. The results 

indicate that CNFs with sizes smaller than 1.3 nm are required to achieve a sufficient bandgap 

for selective charge transportation in PSCs. As mentioned in the introduction, the sizes of 

CNFs (CQDs) typically used in PSCs far exceed this value,60,70,78 although smaller sized 

CQDs have been reported experimentally to be synthesizable by, for example, hydrothermal 

methods.131 The 1.3 nm CNF (CNF54, also known as circumcoronene132) also possesses a 

suitable HOMO level (-5.2 eV) for a match with the VBM of the perovskite (-5.4 eV). Whilst 

it is frequently stated that HTM's HOMO should be matched to perovskite's VBM, a more 

careful alignment is required. While perovskite, as is typical for inorganic semiconductors, 

has a negligibly small (compared to molecular HTMs) reorganization energy, the 

reorganization energy  of the CNF can be substantial.121,122 Optimal charge transport 

between the CNF and the perovskite is therefore expected when HOMO is offset from 

perovskite’s valence band edge by . In Section 3.5 we consider the combined effect of band 

alignment (i.e. appropriate HOMO level and high enough LUMO level) and reorganization 

energy on charge transfer. 

In contrast, no shape or size of CNF produced band alignment suitable for use as electron 

transport materials: for the LUMO to become low enough to approach the perovskite’s CBM, 

the CNF size needs to be so large that the HOMO enters the perovskite’s bandgap. 
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Figure 2. HOMO and LUMO of CNFs with different shapes and sizes (shown in Figure 1). The 
purple and orange bars represent virtual and occupied states of CNFs with different shapes 
(hexagonal, ribbon A – C) and sizes (0.8 – 2.7 nm), respectively; The light and dark grey bars 
represent virtual and occupied states of TiO2 and MAPbI3 perovskite referred from experimental 
research, respectively.133 

3.2 Effects of defects

Structural defects have been widely reported in CNF-based materials. They may naturally 

arise during the growth of the material, or be for/med by heat, chemical, radiation, or other 

processes. In this section, three common zero-dimensional defects in CNFs will be discussed: 

single vacancies (SV), double vacancies (DV), and Stone-Wales defects (SW). We calculate 

their formation energies in CNFs of different sizes and analyze their impact on band 

alignments. Unlike in ideal models (e.g., graphene), the position of the defects in CNFs can 

have an impact on the above properties. In this section, we only discuss the case where the 

defects are located at the center of the model to avoid their interaction with the CNF edges 

(i.e. change in the nature of the CNF), therefore some smaller models are not considered (e.g. 

CNF24). We also explored the effect of defect location on formation energy and band edges 

in CNF96 and the results are in Supporting Information (Figure S6, S7 and S8).
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For ease of presentation, we name the models with defects CNFn-def (as shown in Figure 

3, Figure 5 and Figure 7), where n is the number of carbon atoms in the un-defected 

nanoflakes (n = 54, 96, 150, 216, the corresponding CNF diameters are shown in Figure 1), 

and def is the type of defects (def = SV, DV, SW), which are placed as close as possible to 

the center of the flakes. The formation energy of the defects (𝐸𝑓𝑜𝑟𝑚
𝑑𝑒𝑓 ) are calculated as follows:

𝐸𝑓𝑜𝑟𝑚
𝑑𝑒𝑓 = 𝐸𝑡𝑜𝑡𝑎𝑙

𝑑𝑒𝑓 + 𝑛𝑣𝑎𝑐 × 𝜇𝑐𝑎𝑟𝑏𝑜𝑛 ― 𝐸𝑡𝑜𝑡𝑎𝑙
𝐶𝑁𝐹

(3.1)

Where 𝐸𝑡𝑜𝑡𝑎𝑙
𝑑𝑒𝑓  and 𝐸𝑡𝑜𝑡𝑎𝑙

𝐶𝑁𝐹  are the total electronic energies of CNF with and without the defect, 

𝑛𝑣𝑎𝑐 is the number of carbon atom removed from the original structure to form the vacancy, 

and 𝜇𝑐𝑎𝑟𝑏𝑜𝑛 is the chemical potential of a carbon atom. We approximate 𝜇𝑐𝑎𝑟𝑏𝑜𝑛 as the energy 

of one carbon atom in graphene, 

𝜇𝑐𝑎𝑟𝑏𝑜𝑛 = 𝐸𝑐𝑎𝑟𝑏𝑜𝑛 + 𝐸𝑐𝑜ℎ

(3.2)

which is estimated as the sum of the total energy of a carbon atom in vacuum (𝐸𝑐𝑎𝑟𝑏𝑜𝑛, 

computed with DFT) and the cohesive energy of graphene (𝐸𝑐𝑜ℎ, taken as -7.312 eV134). 

3.2.1 Single Vacancies

Single vacancy models are constructed by removing one carbon atom from the CNFs. The 

Gaussian optimized structures are shown in Figure 3.
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(a) (b) (c)

Figure 3. Front (left) and side (right) views of fully optimized CNFs with SV: (a) CNF96-SV, (b) 
CNF150-SV, (c) CNF216-SV.

It has been shown in previous computational and experimental studies that an SV can 

change the magnetic moment of graphene.135–138 By relaxing CNF-SV models with singlet 

and triplet multiplicities, we find that these models have lower total energies in triplet state  

and the optimized structures have planar configurations. The carbon atoms around the SV 

rearranged due to Jahn-Teller distortion and tend to form a 5-membered ring and a 9-

membered ring (V1(5-9) defect).135,139,140 Due to the existence of a dangling bonds of 

undercoordinated C atoms, SV is not thermodynamically preferred in CNFs as the defect 

formation energy is quite high on the order of 9 eV (as shown in Figure 4). 

In Figure 4, we also report the effect of defects on the HOMO and LUMO of CNF with 

different sizes. In addition to slightly shifting the position of the CNF’s HOMO and LUMO, 

the magnetic moments introduced by the dangling bonds in SVs give the system "doped-like" 

characteristics, which may be favored in specific applications.
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Figure 4. Left scale: HOMO and LUMO energies of CNFs with SV. The purple and orange bars 
represent virtual and occupied states of the CNFs, respectively. Band edges of TiO2 and MAPbI3 
are shown for comparison in grey.133 The gap states are indicated by purple lines with their 
energies labelled below. Right scale: corresponding defect formation energies, indicated by black 
squares and connecting line to help the eye. 

3.2.2 Double Vacancies

Models with DV were constructed by removing two neighboring carbon atoms in CNFs 

with different sizes. As shown in Figure 5, in CNFs with all sizes, the carbon atoms around 

the removed atoms reconstructed into two 5-membered rings and one 8-membered ring, and 

the flakes remained planar. DV are more stable than SV due to the absence of dangling bonds 

in the structure. The formation energies of the two are very close (as shown in Figure 6), but 

since two C atoms are removed to form DV, the energy required for removing each atom is 

lower than that of SV, therefore DV is reported to be more common in CNF-based 

materials.139 Compared to pristine CNFs, CNF-DVs have much lower LUMO energies. 
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Although they are still higher than the LUMO of MAPbI3, the smaller band gap increases the 

risk of recombination and therefore is not favored for selective charge transportation. 

Figure 5 Fully optimized structures of CNF with DV. (a) CNF54-DV, (b) CNF96-DV, (c) 
CNF150-DV, (d) CNF126-DV.

Figure 6. Left scale: HOMO and LUMO energies of CNFs with DV. The purple and orange bars 
represent virtual and occupied states of the CNFs, respectively. Band edges of TiO2 and MAPbI3 
are shown for comparison in grey.133 Right scale: corresponding defect formation energies, 
indicated by black squares and connecting line to help the eye.
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3.2.3 Stone-Wales Defects

The Stone-Wales defects were introduced to the CNFs by rotating one of the C-C bonds. 

As shown in Figure 7, four hexagons reorientated into two 5-membered rings and two 7-

membered rings, hence it is also known as 5775 or 5577 defect.139,141–144 The defective 

structure maintained a planar configuration with no dangling bonds. It can be seen in Figure 

8 that the formation energy for SW defect (< 5 eV) is much lower than that of SV and DV (> 

9 eV), therefore it has been reported to form spontaneously during material production. In 

smaller systems such as CNF54, the existence of SW defects reduced the band gap by over 

half an eV, yet the band alignment with the perovskite remains suitable for the use as HTM. 

While in larger systems like CNF216, its effect on the band edges is milder and the band gap 

only reduced by ~0.1 eV. 

Figure 7 Fully optimized structures of CNF with SW defects. (a) CNF54- SW, (b) CNF96- SW, 
(c) CNF150- SW, (d) CNF216- SW.
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Figure 8 Left scale: HOMO and LUMO energies of CNFs with SW defect. The purple and orange 
bars represent virtual and occupied states of the CNFs, respectively. Band edges of TiO2 and 
MAPbI3 are shown for comparison in grey.133 Right scale: corresponding defect formation 
energies, indicated by black squares and connecting line to help the eye.
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CNF54-modi, where -modi represents the type of modification (-modi = -CH3 as methyl 

group, -OH as hydroxyl group, -COOH as carboxyl group, -CN cyano group, -NH2 as amino 

group, -SO3H as sulfo group, -O as epoxide, -Npyrid as pyridinic nitrogen, -Npyrro as pyrrolic 

nitrogen, -Ngraph as graphitic nitrogen and -Bgraph as boron-doped). 

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Figure 9 Fully optimized structures of functionalized CNFs. (a) CNF54-CH3, (b) CNF54-OH, (c) 
CNF54-COOH, (d) CNF54-CN, (e) CNF54-NH2, (f) CNF54-O, (g) CNF54-Npyrid, (h) CNF54-
Npyrr, (i) CNF54-Ngraph, (j) CNF54-B.

As shown in Figure 9, all CNF models remained planar after geometry optimization with 

hybrid DFT. The HOMO and LUMO energies of modified CNFs are illustrated in Figure 10. 

For the functionalized models, the result shows that the addition of functional groups reduced 

the band gap by a maximum of 0.36 eV (in the case of epoxide), which will barely affect 

their electron-blocking properties as the LUMO remains far above the CBM of the perovskite. 

Thus, their effect on the HOMO (as well as the charge transfer integral, see below) of the 

CNF becomes the dominant criteria for functional group selection. Most functional groups 

upshifted the HOMO level, and the -OH group has the most significant effect of 0.13 eV. 

Large energy differences with the perovskite’s VBM will increase the energy loss during 

hole extraction, and therefore should be avoided in the case of HTMs. The charge transfer 
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rate at the interface with the perovskite will also suffer if the band offset exceeds the 

reorganization energy.150–152 Meanwhile, certain functional groups (e.g. -CN and -COOH 

groups) have strong electron-withdrawing properties, therefore downshifted both the HOMO 

and LUMO of CNF.153–156 Considering that the HOMO of CNF is expected to be elevated 

after solid state packing (see below) which may worsen its alignment with perovskite, the 

addition of the electron-withdrawing groups can be used to tune the band alignment between 

the perovskite’s VBM and the CNF’s HOMO without changing the size of the CNF. 

In the doped systems, the pyridinic nitrogen showed similar but milder effect with the -

CN group of lowering both HOMO and LUMO of the CNF. The pyrrolic and graphitic 

nitrogen slightly lowered the LUMO while the variation in HOMO (~0.01 eV) is insignificant 

compared with the pristine CNF54. As expected, they create a n-doping effect that introduces 

an occupied state into the original bandgap, which is considered to be disadvantageous to the 

electron blocking property of the material, and therefore should be avoided for applications 

such as selective hole transportation. Similarly, graphitic boron doping introduced an 

unoccupied molecular orbit into the bandgap. Boron substitution increases the hole 

population in the carbon material, therefore is widely used to achieve more efficient hole 

extraction in experiments.40,41,157 However, it’s worth mentioning that graphitic boron also 

upshifted the HOMO of the molecule, which can be detrimental as mentioned earlier.  In the 

following sections, we will further discuss the effects of these modifications on charge 

transportation properties of CNFs. 
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Figure 10. HOMO and LUMO of the modified CNFs. The light and dark grey bars represent 
virtual and occupied states of TiO2 and MAPbI3 inferred from experimental research, 
respectively.133 The purple and orange bars represent virtual and occupied states of the modified 
CNFs, respectively. The virtual and occupied gap states in the doped systems are indicated by 
purple and orange lines, respectively, with their energies labelled above.

In conclusion, we found that with functionalization or doping the position of the CNF’s 

LUMO remains suitable for use as HTM. The risk lies more in losing the alignment between 
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while the band gap of the material decreases. When the number of -CN groups in CNF54 
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adjusting band edges using functional groups. By adjusting the concentration of functional 
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groups, one can adapt the CNF more to its application, whether it is PSCs with different kinds 

of perovskite or other applications where hole transport layers are used.158–164

3.4 The effect of packing

In the previous sections, we discussed the effects of different structures and modifications 

on the electronic properties of single CNFs. However, in devices, CNF-based materials are 

typically used as solid layers. These materials may lack long-range ordering, but at short 

range, one typically finds ordered aggregation of CNF layers due to the interlayer van der 

Waals interactions and  stacking characteristic of polyaromatic molecules such as 

CNFs.108,165 It is this stacking that is expected to have the strongest influence on the electronic 

properties of the material, including energy band alignment and charge transport properties. 

In particular, the stacked configurations are expected to determine the “ceiling” of the charge 

hopping rate (the highest rate in the direction of the stacking) and can therefore be used to 

estimate charge transport ability, even before other hopping paths, which may not be known 

unless the true experimental solid state structures are considered. In this section, we analyze 

the stacked models of CNF with hybrid DFT and DFTB calibrated to hybrid DFT (see 

Method) to explore the effect of different stacking patterns and number of stacked layers on 

their band alignment. Furthermore, we introduce modifications (functional groups) that are 

commonly reported in experimental research or showed interesting properties in the previous 

sections to further explore their effects on the structural and electronic properties of the 

stacked models. Finally, we estimate the inter-flake charge transfer integrals and rates.

3.4.1 Effects of stacking

The most common natural graphite stacking patterns are hexagonal (or Bernal, ABAB...) 

and rhombic (ABCA...).166 To explore the effect of these patterns on the band alignment, we 

constructed 4-layer stacking models of the two patterns (ABAB and ABCA) with CNF54 

and optimized the structures with DFTB. The frontier orbital energies from DFTB were 

calibrated with hybrid DFT (i.e. hybrid DFT-like energies are predicted from DFTB energies) 

(see Figure S12 in Supporting Information).  The fully relaxed structures and their band 

diagrams are shown in Figure 11 and Figure 12, respectively. The DFTB optimized structures 
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stably maintained the stacking patterns with interlayer distances of about 3.5 Å. As shown in 

Figure 12, energy difference of the frontier orbitals between the two stacking patterns are 

negligible (~0.01 eV). The band gap of the 4-layer stack models is reduced by about half an 

eV compared to that of the single CNF54 flake. The upshifted HOMO in the stacked models 

is the main reason for such reduction. Apart from that, a minor upshift in LUMO is also 

observed in the stacked CNFs from Figure 12.  Such phenomenon is found in both DFT and 

DFTB results and therefore is not considered to be due to computational errors.
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(a)

(b)

(c)

(d)

(e)

Figure 11. 3D (left) and side (right) view of DFTB optimized structures of CNF54 stacks with 
different stacking patterns (top row): (a) CNF54 ABAB, (b) CNF54 ABCA; AB stacked CNF54 
with increased number of layers (middle row): (c) CNF54 AB 6 layers; and functionalized CNF54 
ABAB (bottom row): (d) CNF54 ABAB-CN and (e) CNF54 ABAB -COOH.
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In real carbon materials e.g. carbon black, the graphene-like domains may contain more 

than 4 parallel CNF layers.165,167,168 We prepared AB stacked models with 6, 8, 10 and 12 

layers to estimate the change in bandgaps in larger structures. The optimized 6 layer model 

is shown as an example in Figure 11, while the rest of the structures can be found in SI. Their 

frontier orbital energies are shown in Figure 12.  As the number of layers increased, HOMO 

of the stacks continued to move upward and showed a tendency to converge, while the 

LUMO also slightly upshifted. The bandgap of the largest 12-layer stack (2.32 eV) remained 

over 80% of that of the single CNF54 flake, but its HOMO shifted upward by 0.66 eV. The 

loss of HOMO alignment with the perovskite’s VBM due to solid state packing of molecules 

selected based on single-molecule properties could therefore significantly affect solar cells 

performance. As shown in section 3.3, certain electron withdrawing functional groups can be 

used to modulate the HOMO alignment. We stacked the -CN and -COOH functionalized 

CNF54 into 4-layered ABAB models and optimized them with DFTB. The final structures 

are shown in Figure 11. Noticeably, the addition of -COOH groups introduced a curvature to 

the flakes, which may lead to a reduction in the bandgap. Figure 12 shows that the -CN and 

-COOH groups downshifted the HOMO of the stacks by 0.43 eV and 0.2 eV, respectively, 

while the LUMO remained high enough to maintain their electron blocking properties. 

Therefore, from the perspective of HOMO-LUMO positions, -CN decorated CNF54 is 

expected to be able to function as HTM for MAPbI3 perovskite solar cell in solid state.
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Figure 12. HOMO and LUMO energies of stacked CNF54 models with different stacking patterns, 
different number of stacked layers and functionalizations. The purple and orange bars represent 
virtual and occupied states of the CNFs, respectively. For comparison, the light and dark grey 
bars represent virtual and occupied states of TiO2 and MAPbI3 inferred from experimental 
research.133

3.5 Charge transport characteristics

As can be seen in the previous sections, the band structure of CNF-based materials is more 

suitable for use as HTM (rather than ETM) in PSCs, while HTMs are also a major obstacle 

on the way to the commercialization of PSCs. Therefore, in this section we only discuss the 

parameters related to hole transport properties, namely the reorganization energy 𝜆ℎ𝑜𝑙𝑒 and 

dependent on it charge transfer rate 𝑘ℎ𝑡. In this work, we focus on the charge transfer within 

the hole/electron transport layer (i.e. Δ𝐺 = 0), therefore reorganization energy (𝜆) and 

electronic coupling integral (𝑉𝑖𝑗) become the two key parameters in calculating 𝑘. In the 

following sections, we will discuss the effect of different CNF structures and compositions 

on these parameters. We will focus on round-shaped CNFs with different sizes, 
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functionalizations and doping, as ribbon-shaped and defected CNFs are not preferred for 

selective charge transportation. 

The overall hole conductance will also depend on weighted contributions of different 

hopping paths in solid-state materials.169 While finding the correct packing (which may not 

be unique depending on fabrication conditions) is a formidable task in itself,170,171 here we 

are interested in charge transfer characteristics imposed by the molecular composition and 

structure; we consider  stacking which is typically present in real CNF-based materials 

and which provides the direction of the highest hopping rate which largely determines and 

limits the overall rate. This is the rate that we consider here as a characteristic based on which 

optimal molecular composition and structure (CNF size) can be selected.

3.5.1 Reorganization energy

The reorganization energy is the energy required to stabilize the structure as the molecule 

gains/loses electrons. As can be seen from Eq. 2.2, a smaller 𝜆ℎ𝑜𝑙𝑒 will lead to larger 𝑘ℎ𝑡. 

Also, small 𝜆 means less driving force is required for exciton dissociation, which is needed 

for good charge transport.172 Here, 𝜆ℎ𝑜𝑙𝑒 was calculated for three groups of molecules: 

unmodified round-shaped CNFs with different sizes, CNF54 with different functional 

groups, and CNF54 with different dopants, as CNF54 appears to have the most suitable 

band alignment as shown above. Meanwhile, the 𝜆ℎ𝑜𝑙𝑒 of Spiro-OMeTAD was also 

calculated at the same level of theory for comparison. The results are shown in Figure 13. 

For CNFs with different sizes, it can be clearly seen that 𝜆ℎ𝑜𝑙𝑒 tends to decrease as the 

size of the CNF increases. This may be related to the larger size imparting to the molecule 

more stiffness and therefore reducing the 𝜆ℎ𝑜𝑙𝑒. Compared to Spiro-OMeTAD, CNF with 

all sizes have significantly lower 𝜆ℎ𝑜𝑙𝑒, which indicate potentially better hole transport 

properties. For the functionalized CNF54 molecules, most functional groups slightly 

increased 𝜆ℎ𝑜𝑙𝑒. It is noteworthy that the -CN group slightly decreases 𝜆ℎ𝑜𝑙𝑒, while the -NH2 

group substantially increases it. This agrees with the effects of these functional groups 

reported for other molecules as reported in previous studies.75,173–175 In the doped systems, 

the pyridinic nitrogen did not exhibit any effect on the value of 𝜆ℎ𝑜𝑙𝑒, graphitic and pyrrolic 
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nitrogen slightly reduced the 𝜆ℎ𝑜𝑙𝑒, while boron doping slightly and significantly reduced 

the 𝜆ℎ𝑜𝑙𝑒, respectively.  

Figure 13. Reorganization energies for CNF molecules with different sizes, functional groups and 
dopants. The corresponding structures are given in Sections 3.1 and 3.3.

In summary, most of the CNFs possess lower reorganization energies than Spiro-

OMeTAD, even with the detrimental effects from functional groups. Therefore, from the 

perspective of reorganization energy and the band alignment considered above, nanometer-

sized and functionalized CNF-based materials with sizes on the order of 1 nm have potential 

to be applied as HTMs.

3.5.2 Electronic coupling integral and hole transfer rate

In this section, we evaluate the charge transport properties of the CNF-based materials 

from two aspects: electronic coupling integral (𝑉𝑖𝑗) and hole transfer rate (𝑘ℎ𝑡). Five 

molecules were selected as samples: CNF24, CNF54 and CNF96 to study the trend of charge 

transport properties with CNF size, along with two promising (as indicated in sections above) 
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functionalized CNF54 molecules (CNF54-CN and CNF54-COOH) to evaluate the effect of 

those functional groups. As charge transport rate calculations are sensitive to 

approximations,176,177 calculations using the same approximations were also performed for 

Spiro-OMeTAD for comparison. The Spiro-OMeTAD dimer was optimized at the 

B3LYP/LanL2DZ level of theory, while the orbital energies were obtained from a single 

point energy calculation with B3LYP/6-31+G(d, p). The charge transfer properties are 

strongly affected by the packing motifs of the molecules. Due to the lack of structural 

information of CNF materials in solid state, here, we use  A stacked dimers to evaluate 

the maximum charge transport ability for the material (while the dimer structure of Spiro-

OMeTAD was taken from the work of Shi et al.178). Hybrid DFT is used for geometry 

optimization of the dimers. The final structures are shown in Figure 14. We estimate the 

electronic coupling integral from the energy split between two HOMO-derived dimer orbits 

(see equation 2.4), and the hole transfer rate from the Marcus theory, equation 2.2. The results 

along with the corresponding reorganization energies are summarized in Table 1.

(a)

(b)
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(c)

(d)

(e)

(f)
Figure 14. 3D (left) and side (right) view of hybrid DFT optimized dimer structures of: (a) Spiro-
OMeTAD (initial structure was taken from reference 178), (b) CNF24 AB, (c) CNF54 AB, (d) 
CNF96 AB, (e) CNF54-COOH and (f) CNF54-CN. 

Table 1. Reorganization energies (𝜆ℎ𝑜𝑙𝑒), electronic coupling integrals (𝑉𝑖𝑗) and hole transfer rates 
(𝑘ℎ𝑡) of Spiro-OMeTAD, CNF24, CNF54, CNF96, CNF54-CN and CNF54-COOH. 

𝝀𝒉𝒐𝒍𝒆 (eV) 𝑽𝒊𝒋 (eV) 𝒌𝒉𝒕(s-1)

Spiro-OMeTAD 0.213 0.058 1.55 × 1013 

CNF24 0.127 0.166 3.78 × 1014 

CNF54 0.078 0.137 5.25 × 1014 

CNF96 0.054 0.112 5.40 × 1014 

CNF54 -CN 0.077 0.141 5.70 × 1014 

CNF54 -COOH 0.111 0.148 3.73 × 1014 

The key result from Table 1 is that CNFs obtain an order of magnitude higher charge 

transfer rates than Spiro-OMeTAD. This is due to both a lower reorganization energy and a 
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larger transfer integral. From the results of CNF24, CNF54, and CNF96 dimers, it can be 

observed that the electron coupling integral is negatively correlated with the size of the CNF, 

i.e., the value of 𝑉𝑖𝑗 decreases as the size of the CNF increases. This is despite the fact that 

the interlayer distance is smaller in larger CNF dimers (3.47, 3.42 and 3.39 Å in CNF24 AB, 

CNF54 AB and CNF96, respectively). The trend corresponds to lower wavefunction 

amplitudes off-plane in larger flakes. The HOMO orbits are delocalized over the entire flakes, 

and because they are normalized to one electron charge, the amplitude is lower at a given 

inter-flake distance, see SI (figure S14). This will lower the overlap integrals, and this effect 

seems to overweigh the somewhat smaller distances between larger flakes. However, we 

caution against reading too much into this trend, as it is computed at equilibrium geometry. 

The charge transfer integral is sensitive to small changes in geometry such as those under 

thermal vibrations.176 In SI, we demonstrated that under geometry changes on the order of 

those expected during thermal motions at T = 300𝐾, the hole transfer rate of CNF54 AB can 

vary by a factor of two. Therefore, the results above should be considered on the order of 

magnitude basis. The cyano and -COOH functionalization by and large do not change the 

hopping rate; the calculation therefore suggests that these functional groups can be used to 

tune the band alignment in a way not detrimental to charge transport rate. Overall, these 

results suggest good potential of CNF based molecules as HTM in PSC, but control of their 

size and functional groups is necessary. In particular, sizes on the order of 1 nm are necessary. 

4 Conclusions 
In this research, we explored, in a density functional theory computational study, the 

possibility of carbon nanoflake-based materials as charge transport materials in perovskite 

solar cells by considering the trends in size, shape, defect, functionalization and packing with 

respect to their effect on the frontier orbit positions and charge transfer properties of CNF 

materials, evaluated based on Marcus theory. While other phenomena, not computed here, 

such as CNF-perovskite interactions, will ultimately affect device performance, we 
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considered here necessary conditions that must be satisfied by the CNF based material itself 

and that can serve to narrow down the selection of CNFs. 

The results indicate what structural and compositional properties should be achieved to 

satisfy the conditions for band alignment and charge transport rates. In particular, they 

suggest that CNFs with hexagonal shapes and diameter around 1.3 nm may obtain the desired 

band alignment with the MAPbI3 perovskite to act as hole transport materials. Such CNF are 

also predicted to have good charge transfer rates. In particular, reorganization energies on 

the order of 0.1 eV and charge transfer rates on the order of 1014 s-1 are expected to be 

obtainable. In contrast, the results indicate that band alignment suitable for use as electron 

transport materials cannot be achieved with any shape or size of CNF (unless heavily 

functionalized with multiple electron-withdrawing groups). Defects will create gap states or 

reduce the band gap of the material, therefore should be avoided in synthesis. Most functional 

groups reduced the band gap as well but have limited effect on the band alignment with 

perovskite as the LUMO of the CNFs are high enough. The -CN group can bring down both 

HOMO and LUMO of the CNF, therefore can be used to restore the alignment of CNF’s 

HOMO and perovskite’s valance band maximum. Stacking reduces the band gap of CNFs 

by about half an eV mainly through upshifting the HOMO of the flake, while the resulting 

band structure remains suitable for selective hole transportation.
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