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ABSTRACT 

Copper complexes have recently shown remarkable performance upon conversion from liquid-

based to solid-state hole transport materials (HTMs) in mesoscopic solar cells, however the 

diffusion mechanism is not clear. In this work we apply an in-situ solidification analysis of the 

charge diffusion and find that the dominant mechanism of [Cu(dmbpy)2]
2+/+ (dmbpy = 6,6′-

dimethyl-2,2′-bipyridine) changes from ionic to electronic diffusion. Through use of the modified 

Dahms-Luff equation, a fast self-exchange rate constant of hole-hopping in the HTM of 8.3 × 108 

(± 5 × 107) M-1s-1 is calculated, which indicates a small reorganization energy of 0.47 eV. These 

results introduce a new methodology to analyze the transport mechanism of solids, reveal the 

mechanism of charge transport in molecular-based HTMs, and offer insight into ways to control 

the flow of charge in optoelectronic systems. 
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Mechanisms of diffusion in charge transport materials (CTMs) used in modern optoelectronic 

applications are studied to understand their fundamental properties and improve performance.1 

Knowledge of the diffusion mechanism of CTMs can improve the energetic and kinetic properties, 

for example in mesoscopic solar cells, by controlling the conductivity in the CTM as well as the 

interfacial properties between the electrode and CTM.2-4 The CTMs can generally be classified 

into two types depending on the diffusion-dominated transport mechanism: liquid electrolytes 

(LEs) with physical ionic diffusion governed by ion movement and solid-state hole transport 

materials (HTMs) with electronic diffusion by hopping.5 In dye-sensitized solar cells (DSCs), even 

though the liquid-junction DSCs with LEs still show the highest performance (~ 14.3%),6 solid-

state DSCs using HTM have been studied to overcome solvent leakage and evaporation which 

may result in poor long-term stability and limit commercialization.7 As a result, solid-state DSCs 

have shown significantly improved device efficiency in recent years (~ 11.7%).8 This has been 

attributed to the fact that HTMs can have a faster regeneration rate and hole conductivity than LEs, 

but the recombination rate is also faster at the interface with the photoanode.2, 5, 8 Many attempts 

have been made to overcome the performance drawbacks of HTMs such as improving their low 

hole conductivity and interfacial contact resistance.4  

Copper complex HTMs were first reported as “Zombie cells” and have attracted much attention 

lately due to their performance exceeding that of LEs composed of the same materials.9-11 Zombie 

cells were discovered serendipitously and have a unique manufacturing process compared to 

typical HTMs as a result. The organic solvent is simply evaporated from DSCs containing copper 

complexes in LEs.9 Although these HTMs exhibit higher film conductivity and enhanced device 

performance from the favorable interfacial charge transfer kinetics,8-9 it has only been speculated 

that the mechanism of hole transport within the HTM could be hopping.12 On the other hand, when 
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HTMs were developed using cobalt and iron complexes, the device exhibited significantly lower 

performance than conventional HTMs employed, such as LEs and spiro-OMeTAD, in spite of their 

higher conductivity.13-14 These results require investigation into the transport mechanism that can 

explain the properties of both the diffusion of CTMs and the interfacial charge transfer between 

the CTMs and electrodes. The self-exchange electron-transfer rate constant, which offers insight 

into the kinetic properties of the transition metal coordination complexes, can be used as a key 

parameter to understand the charge transport mechanism in general. 

In this work we set out to elucidate the mechanism of charge transport with [Cu(dmbpy)2]
2+/+ 

(dmbpy = 6,6′-dimethyl-2,2′-bipyridine, Figure 1a) upon the transition from LE to solid phase of 

HTM through an in-situ solidification analysis with an ultramicroelectrode (UME, Figure 1b), 

using the modified Dahms-Ruff equation. From the measurements of the diffusion limit current 

(Ilim) and determination of the apparent diffusion coefficient (Dapp), we observe different regimes 

of behavior which we assign to ionic and electronic diffusion mechanisms upon solidification. 

These results further allow for the calculation the charge transfer self-exchange rate constant (kex) 

and reorganization energy of the HTM. 
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Figure 1. (a) Chemical structures of the redox shuttle used for this work: [Cu(dmbpy)2]OTf (Re) 

and [Cu(dmbpy)2]OTf2 (Ox). (b) Schematic illustration of the electrochemical cell comprised of 

a 10 μm Pt disk UME for the working electrode and 0.25 mm Pt wires for the pseudo reference 

and counter electrode. (c) Depiction of predicted schemes of electron (hole) transport mechanism 

differences between the LE and HTM.  

 

A sandwich cell configuration was initially employed to determine the diffusion mechanism(s) 

of [Cu(dmbpy)2]
2+/+ during the transition from the LE to HTM using the solvent evaporation 

method. The I-V characteristics shown in figure 2a were used to calculate the conductivities for 

the LE in the initial (no evaporation) condition as well as the dried HTM. In agreement with a 

previous report,10 the HTM (4.77 × 10-4 S cm-1) exhibits a higher conductivity than the LE (2.58 

× 10-4 S cm-1). In general, the conductivity of the electrolyte is related to the diffusion coefficient 

of the ions constituting the electrolyte.15 Therefore, through the calculated conductivities above, 

we can indirectly predict the differences in the diffusion coefficient of copper complexes included 

in LE and HTM, respectively. 



6 
 

 

Figure 2. Plots of the electrochemical analysis using the sandwich configuration cells. (a) The I-

V characteristics to calculate the conductivities of (i) the LE (red dashed-line) and (ii) HTM (blue 

solid-line). The LE is composed of 0.2 M [Cu(dmbpy)2]
+

 and 0.05 M [Cu(dmbpy)2]
2+ in ACN and 

the HTM was produced by evaporating the solvent of LE. (b) The average diffusion-limited current 

and correlated apparent diffusion coefficient by the sandwich configuration (Ilim_sc, black-circle 

and Dapp, orange-triangle, respective) as a function of the various concentrations of [Cu(dmbpy)2]
2+ 

from 0.05 M to 0.15 M (the saturation point), and their standard deviations from three different 

measurements. The red area indicates the physical ionic diffusion dominant region and the red line 

and curve for Ilim_sc and Dapp, respective, are fitted from equation (2) and (3). 

 

The Dahms-Luff equation relates how the apparent diffusion coefficient (Dapp) is related to the 

diffusion due to hole-hopping between redox shuttles (Dex) and the physical ionic diffusion (Dphys) 

in liquid solution expressed by equation (1)16-19 

Dapp = Dphys + Dex = Dphys + kexδ
2c/6                                          (1) 

where δ is average center-to-center distances between redox shuttles in the encounter complex and 

c is the redox shuttle concentration.16-19 In this work, we use the Dahms-Luff equation to reveal 

the mechanism trajectories of charge transport from the liquid phase of LE to the solid phase of 

HTM within copper complexes. Since the diffusion of LEs and HTMs are dominated by ion 

movements, and the hole-hopping, respectively,5 they can be understood using different 

mechanisms. Therefore, an important parameter should be introduced to distinguish the two 

different mechanisms is the self-exchange charge transfer rate constant (kex). The kex directly 
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relates the diffusion in charge transport to the reorganization energy of copper complexes in both 

the LE and the HTM.20-24 The kex generally has little influence on the overall diffusion in the LE 

where the distance between molecules are far from each other, but in the HTM, it can dominate 

diffusion as described by a hopping mechanism as kex = Kakhop, where Ka is the association constant 

of the bimolecular rate equation and khop is the hopping frequency in the bimolecular charge 

transfer.21, 25-26 Therefore, by tracking the change in the Dapp with the concentration using the 

Dahms-Luff equation, the dominant diffusion mechanism can be discerned.  

  From measurements of the mass transport limiting current, the values of Dapp can be calculated 

for a sandwich cell configuration from (2)27  

Ilim_sc = FADapp c/d = FA(Dphys + Dex)c/d = FA(Dphysc + kexδ
2c2/6)/d                  (2) 

where Ilim_sc is the diffusion-limited current from the sandwich cell configuration, F is the Faraday 

constant, A is the active area of sandwich configurations, d is the distance between the two 

electrodes at the sandwich cell. The above equation indicates that the mass transport limited current 

is a concentration dependent function, which varies linearly with concentration in the physical 

ionic diffusion regime and quadratically with concentration in the hole-hopping regime. Thus, 

plotting Ilim_sc values vs concentration allows the ability to distinguish a change of the diffusion 

from the LE to the HTM.  

Measurements of the Ilim_sc show it decreases during solvent evaporation, which may be due to 

a decreasing Dapp, as shown in Figure S5. However, the active area of the electrode/electrolyte 

interface certainly decreases with time during the solvent evaporation, which may account for the 

decreasing Ilim_sc. In addition, as the solvent evaporates, the concentration of the redox species 

increases with time which should also affect the Ilim_sc independent of changes in diffusion 

coefficient or mechanism. At a minimum, these considerations impose significant uncertainty in 
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determination of diffusion. 

We subsequently employed a second method to determine the trajectory of diffusion mechanism 

from the LE to the HTM using the sandwich configuration cell by intentionally varying the 

[Cu(dmbpy)2]
2+/+ concentrations in electrolytes. In this case the electroactive surface area is known 

and constant and variations in Ilim_sc can be attributed just to Dapp. The Ilim_sc and Dapp measured as 

a function of [Cu(dmbpy)2]
2+/+ concentration are plotted in Figure 2b. Although [Cu(dmbpy)2]

2+/+ 

exhibits limited solubility in the solvent, the results provide important insights. First, the Ilim_sc 

increases linearly with respect to the concentration of [Cu(dmbpy)2]
2+ at the low concentration 

range, as predicted by equation (2). However, unlike the simulation of equation (1) predicting that 

the Dapp will be constant according to the concentration change in the physical ionic diffusion 

region, the Dapp is confirmed to decrease rapidly with increasing concentration of [Cu(dmbpy)2]
2+ 

(Figure 2b). From this result, it can be deduced that the concentration range of [Cu(dmbpy)2]
2+ (0 

~ 0.15 M) measured in Figure 2b is in the physical ionic diffusion dominant region. And it also 

strongly suggests that the Dphys term of Dahms-Luff equation applied to the above work must be 

modified.16-19  

The most likely factor that directly influences the Dphys parameter is the viscosity (η) of the 

solution. The η can be expressed as a function of the solute concentration, η = η0(1 + Ac + Bc2 + 

Dc3 ···), where A, B, D,··· are constants and η0 is the initial solvent viscosity.28 By substituting the 

above viscosity-concentration equation into Stokes-Einstein equation, Dphys = kT/6πηRm, where k 

is the Boltzman constant and Rm is the solute molecule radius,29 the relationship between the 

viscosity of the solution and Dphys, the polynomial reciprocal function of concentration can be 

obtained for Dphys = kT/6πη0(1 + Ac + Bc2 + Dc3 ···)Rm. Using this result and equation (1), the 

modified Dahms-Luff equation is obtained as following equation (3):  
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Dapp = Dphys + Dex = kT/6πη0(1 + Ac + Bc2 + Dc3 ···)Rm + kexδ
2c/6                   (3) 

Equation (3) accurately represents the result for the Dapp by the sandwich configuration 

measurement in Figure 2b. Thus, in the physical ionic diffusion region where the concentration is 

relatively low, the value of Dapp decreases rapidly according to the polynomial reciprocal function 

of the concentration due to increasing viscosity. However, if the concentration still increases, and 

the system has a high kex, the Dex would dominate the overall Dapp as indicated by the right-hand 

side of equation (3); in this case Dapp would increase linearly with the concentration.  

In order to test these predictions, we performed in-situ measurements with an UME. This system 

was developed to directly monitor the diffusion mechanism for the solidifying intermediate state 

and the HTM of [Cu(dmbpy)2]
2+/+. The very small surface area of the UME minimizes the ohmic 

drop from the contact between the electrode and the solute caused by the solvent evaporation, and 

maintains a constant contact area.30-31 The overall experimental set-up is illustrated in Supporting 

Information, Figure S8. From the calculated solvent evaporation rate, we directly observe the 

change of [Cu(dmbpy)2]
2+ concentrations according to the evaporation time of the solvent, and 

consequently, the monitored results of Ilim can be obtained directly according to the concentration 

changes of [Cu(dmbpy)2]
2+ (see Supporting Information, Figure S9).  

Figure 3a shows the Ilim versus the molar concentration of [Cu(dmbpy)2]
2+. Considering the 

geometry of the UME, the Ilim can be described by equation (4) with the modified Dahms-Luff 

equation (equation (3)) as: 

Ilim = 4FrDappc = 2FrkTc/3πη0(1 + Ac + Bc2 + Dc3 ···)Rm + 2Frkexδ
2c2/3               (4) 

where r is the radius of disk UME.27  
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Figure 3. (a) Plot of Ilim for the reaction of [Cu(dmbpy)2]
2+ + e-  [Cu(dmbpy)2]

+ as a function of 

[Cu(dmbpy)2]
2+ concentration. Equation (4) was used to fit the data for the physical ionic diffusion 

regime (Dphys, red line) and the electronic diffusion regime (Dex, blue curve). (b) The Dapp of 

[Cu(dmbpy)2]
2+ calculated from equation (3) where the dominant regions for Dphys (red area) and 

Dex (blue area) are determined by equation (1). (c) Plot of the Ilim values for the reaction of 

[Co(bpy)3]
3+ + e-  [Co(bpy)3]

2+ as a function of [Co(bpy)3]
3+ concentration. The left term of 

equation (4) for the Dphys dominant regions was applied to fit the data. (d) The calculated Dapp of 

[Co(bpy)3]
3+ from the results of Ilim as a function of the concentration. The Dphys dominant region 

was confirmed by equation (3). All data are depicted as mean values and standard deviations. 

 

Interestingly, at low concentration region of [Cu(dmbpy)2]
2+ up to around 0.3 M (Figure 3a), the 

Ilim increases approximately linearly with respect to the molar concentration of [Cu(dmbpy)2]
2+, 

which is consistent with physical ionic diffusion dominating as expected for LEs, in agreement 

with equation (2). However, as the molar concentration of [Cu(dmbpy)2]
2+ increases over 0.3 M, 

the Ilim begins to increase by the square of the molar concentration of [Cu(dmbpy)2]
2+ (R2 = 0.999). 
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These results clearly support that the diffusion mechanism of HTM with [Cu(dmbpy)2]
2+/+ can be 

dominated by electronic diffusion, not ionic diffusion, as shown in a previous report.32  

In the region where electronic diffusion is dominant, the kex in the HTM for the 

[Cu(dmbpy)2]
2+/+ can be estimated as (8.3 ± 0.5) × 108 M-1 s-1 through application of the Dex 

component of equation (4). This rate constant is ~105 times higher than the kex of the dilute liquid 

solution (8.8 × 103 M-1s-1) calculated by the NMR line-broadening method (Supporting 

Information, Figure S11).  

  The above Ilim results for the diffusion mechanism change of the [Cu(dmbpy)2]
2+/+ from the LE 

to the HTM can also be comprehended in more detail in a trajectory of the Dapp as a function of 

the molar concentration of [Cu(dmbpy)2]
2+ (Figure 3b). In accord with the sandwich configuration 

results (Figure 2b), the Dapp is reduced to the polynomial reciprocal function for the molar 

concentration of [Cu(dmbpy)2]
2+ at the low concentration region. However, as the molar 

concentration of [Cu(dmbpy)2]
2+ continues to increase, the rate of decrease in the Dapp becomes 

smaller and eventually when the molar concentration of [Cu(dmbpy)2]
2+ is 0.352 M, the derivative 

of the Dapp curve becomes zero. Interestingly, at the high concentration region thereafter, in spite 

of the η increasing, the Dapp linearly increases. This result agrees well with the prediction through 

equation (3) for the diffusion of the [Cu(dmbpy)2]
2+/+. That is, the overall diffusion mechanism of 

the [Cu(dmbpy)2]
2+/+ is dominated by the Dphys when Dphys > Dex at the low concentration region 

(red region in Figure 3b), and at the high concentration region, as Dphys < Dex, the Dex dominates 

the diffusion mechanism (blue region in Figure 3b). Therefore, the complete dried solid of 

[Cu(dmbpy)2]
2+/+ has only the pure Dex without the Dphys in the diffusion mechanism for the charge 

transport.  

For comparison, [Co(bpy)3]
3+/2+ was also investigated as it has a known small kex (0.27 M-1 s-
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1).33 For this complex, only the Dphys component is needed to describe the transport mechanism 

represented by both the Ilim and the Dapp acquired by in-situ solidification measurements (Figure 

3c and 3d). These results show that even though the redox shuttle distance is getting closer as the 

solidification progresses, the kex of [Co(bpy)3]
3+/2+ is too low to support significant Dex. This can 

be attributed to the large inner sphere reorganization energy associated with a high-spin 

[Co(bpy)3]
2+ to low-spin [Co(bpy)3]

3+ electronic change upon charge transfer.34 With an 

insignificant contribution of Dex, the Dapp continuously reduces due to the increase in η. This result 

explains why [Co(bpy)3]
3+/2+ HTMs show very low performance in DSCs unlike the copper 

complexes which exhibit faster charge transfer self-exchange.10, 13 

  From the kex values determined above, we are in a position to estimate the reorganization energy 

(λ) for the copper complexes as a result of the solidification process. This is important because the 

λ is a factor that affects the interfacial charge transfer (recombination) and dye regeneration 

reactions in addition to hole transport.33 Table S1 shows that the calculation results of the kex and 

the predicted λ for the LE and HTM with [Cu(dmbpy)2]
2+/+ (Cu-L and Cu-S), and the LE with 

[Co(bpy)3]
3+/2+ (Co-L). For [Cu(dmbpy)2]

2+/+, the Cu-L  λ (1.66 eV) is a result of both inner sphere 

(λin = 1.00 eV) and outersphere (λout = 0.66 eV) components. The solvent (outersphere) 

reorganization decreases to approximately zero following solidification which decreases the λ 

accordingly. Interestingly, the λin (0.47 eV) also decreases upon phase transition to the HTM (Cu-

S). Clearly the λin associated with ligand geometry rearrangement generally associated with the 

change in oxidation state of Cu(I) tetrahedral to Cu(II) square planar complexes is reduced in the 

solid-state. Thus, the Cu-S appears to decrease even more dramatically from Cu-L than one would 

presume. The results of this analysis explain how the solidification process reduces the energy 

barrier of the exchange reaction between copper complexes and increases the charge transfer 
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reaction rate to produce the higher hole conductivity observed in HTMs compared to LEs. The low 

λ of the copper complex HTM would be consistent with fast dye regeneration and high quantum 

yields, as well as fast recombination and sub-optimal photovoltages. A more detailed investigation 

of the connection between charge transport, dye regeneration, recombination and the overall device 

performance is in progress in our lab, which will allow development of design rules for HTMs 

based on metal complexes for photoelectronic applications. The results of this study, however, 

provide the methodology and the important first milestone in establishing the charge transport 

mechanism for molecular-based HTMs. 
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