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The dominant charge transfer mechanism in a vast number of metal 

organic frameworks (MOFs) is that of redox hopping, a process best 

explained through the motion of electrons via self-exchange 

reactions between redox centres coupled to the motion of counter-

balancing ions. Mechanistic studies of redox hopping transport in 

MOFs reveal characteristics that recall pioneering studies in linear 

redox polymers. When MOFs are employed as electrocatalysts, 

consideration must be given to both the catalytic properties – turn-

over frequency (TOF) and energetic requirements (overpotential, 

TON) – and the charge transport properties – rate of charge 

hopping, measured via an apparent diffusion coefficient (Dapp). 

Herein, we provide a mathematical framework to provide 

constraints to MOF catalyst development by relating Dapp, TOF, and 

film thickness in the context of providing 10 mA/cm
2
 of catalytic 

current. Lastly with the mechanistic studies discussed as a 

foundation, design rules for future MOF electrocatalysts are 

provided and the challenges to the community to optimize MOF 

charge transport are laid out. 

 

1. Introduction 
Metal-organic frameworks (MOFs) have been extensively 

investigated in recent years because of their many unique properties, 

such as large surface area, ordered crystalline structure, high 

chemical and structural stabilities, and synthetic tunability, among 

others. In particular, recent developments in manipulating electronic 

and electrochemical properties of MOFs have led to several 

candidate materials for a variety of applications, historically outside 

the scope of mainstream MOF research.1 These include, but are not 

limited to, thermoelectronics,2-4 photovoltaics,5-8 semiconductors,9-11 

capacitors,12-15 and electrochemical catalysis.16-20  

The development of MOF electrocatalysts has been an important 

endeavor due to its contribution to the exploration of future 

commercially viable artificial photosynthesis systems. In the context 

of global energy issues, the search for alternative energy sources to 

replace currently utilized fossil fuels is one of the most pressing 

challenges of our generation. Efficient solar energy 

conversion/storage using water splitting and CO2 reduction, 

mimicking nature’s photosynthetic process, is a promising pathway 

to address this pressing energy problem. One of the key obstacles 

towards the development of efficient catalysts is overcoming the 

slow kinetics and high thermodynamic barrier for these 

electrochemical transformations. Incorporating these catalytic 

systems into MOF scaffolds could afford novel electrocatalytic 

materials with increased stability, reusability and turnover frequency 

(TOF) per unit of electroactive area compared to its homogeneous 

counterpart. The development of these materials could pave the way 

for the future realization of photoelectrochemical solar energy 

conversion devices. Currently, MOF-based electrocatalysts have 

been reported for several different reactions, including water 

oxidation,21-28 oxygen reduction,29-31 hydrogen reduction,32-34 and 

CO2 reduction.35-39  

Despite the great potential for MOFs to impact electrocatalytic 

applications, the intrinsically low conductivity of the great majority 

of reported MOFs remains the major limitation for the efficient 

charge transport necessary to support catalysis.39 Several moderately 

conductive frameworks were reported exhibiting outstanding 

performance in terms of TOF and chemical stability. Compared to 

the homogeneous catalyst (over the same time period), a 26-fold 

increase of catalytic turnover number (TON) was observed for a 

cobalt porphyrin containing framework utilized for electrochemical 

CO2 reduction.37 A MOF thin film stable in alkaline conditions, 

MAF-X27-OH reported by Chen et al. for electrochemical water 

oxidation supplied catalytic current as high as 10 mA/cm2 for more 

than 24 h.24 What is particularly interesting, however, is the fact that 

the conductivities of these MOFs are only 1 × 10-6 S cm-1 and 2.2 × 

10-9 S cm-1, respectively. This means that through-framework 

electronic delocalization is likely insufficient to supply the necessary 

charge. In the first example, the charge transport properties were 

indicative of a diffusion controlled redox hopping process. This 

Cottrell-like behavior was also observed for other MOF thin film 
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materials. Therefore, it is proposed that redox-hopping alone could 

facilitate an efficient charge propagation from the electrode to the 

active catalytic centers within the framework structures.  

To assess this hypothesis, herein, we will first discuss the charge 

transport pathways in MOFs. Then the research about redox hopping 

in polymer thin films will be summarized, as shown in previous 

studies related to MOFs, with charge hopping as the main charge 

transport pathway. In addition, the importance of redox hopping in 

the context of MOF electrocatalysts will be examined. Finally, the 

interplay between the redox hopping rate and electrocatalytic 

reaction rate in MOF-based systems is discussed by evaluating the 

minimum apparent charge diffusion coefficient, Dapp, required to 

supply the benchmark catalytic current density of 10 mA/cm2, which 

is sufficient for a future solar fuel device to reach 10% energy 

conversion efficiency.40, 41 

2. Charge Transport in MOFs 
Facile charge migration is required for efficient MOF 

electrocatalysts; otherwise, the reaction would only occur at the 

catalytic centers in direct proximity to the electrode. The rate of 

electron movement is determined by the nature of the charge 

transport pathway. Besides super-exchange42, 43 and tunneling,44 

charge transport in MOFs can be generally rationalized in terms 

of the following two mechanisms: band transport or charge 

hopping.45-47 As summarized earlier, a high degree of electronic 

delocalization between the framework components is required 

for the band mechanism to be operative, whereas localized 

charge carriers (such as redox centers) often result in the charge 

hopping process.45, 46 Increasing the extent of delocalization by 

introducing donor-acceptor type interactions48-51, mixed valent 

states of the node/linker,52, 53 π-π stacking or π-conjugation into 

the framework could lead to improved charge propagation. In 

general, three main strategies have been employed in the design 

and synthesis of MOF with enhanced charge transport 

properties. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. (A) Comparison of electrical conductivities of select 

MOFs, demonstrating that Fe analogues generally exhibit higher 

values. (M – metal node, H4DOBDC = 2,5-dihydroxybenzene-1,4-

dicarboxylic acid, H4DSBDC = 2,5-disulfhydrylbenzene-1,4-

dicarboxylic acid, BTDD = bis(1H-1,2,3-triazolo[4,5-b],[4′,5′-

i]dibenzo[1,4]dioxin));54 (B) Incorporation of TCNQ into the pore of 

[Cu3(BTC)2] MOF giving rise to a highly conductive framework-

guest composite;55 (C) Structure of the 2D Cu-BHT framework.56 

(1) Guest-host interaction 

Incorporation of guest-host interaction via post-synthetic 

modifications of existing MOFs can increase the charge mobility.57-

60 Long et al. utilized I2 vapor as a chemical oxidant to achieve a 

mixed valence state in Cu[Ni(pdt)2] (pdt2- = pyrazine-2,3-dithiolate) 

MOF, resulting in a 104 fold increase in conductivity.61 The 

relatively high conductivity of this material was aided by a high 

degree of electronic delocalization across the [Ni(pdt)2]
2- building 

units. Incorporation of redox-active guests could also lead to the 

formation of new charge transport pathways throughout the extended 

structure. In 2014, Talin and Allendorf et al. demonstrated that 

infiltration of TCNQ (7,7,8,8-tetracyanoquinododimethane) into a 

Cu-based MOF, HKUST-1 (Figure 1B) causes a dramatic increase in 

conductivity from 10-8 to 0.07 S cm-1.55 It was postulated that 

binding of TCNQ to Cu2 paddlewheel nodes, coupled with partial 

charge transfer between the framework and the guests, resulted in 

the formation of charge conduits extending throughout the structure. 

Moreover, guest incorporation could be used to directly modulate the 

charge transport properties in MOFs. Given that β-CD (β-

cyclodextrin) shows great affinity to ferrocene but low affinity to 

ferrocenium, Hupp et al. reported that the apparent charge diffusion 

coefficient of a ferrocene-infiltrated NU-1000 framework measured 

during the electrochemical cycling was tuned by up to 30 times 

through the introduction of guest molecules at different 

concentration.59 

(2) Judicious choice of the metal node and linker 

A key consideration in the design process is the orbital overlap 

between the framework components.62-64 As such, atoms and ions 

with diffuse frontier orbitals, such as softer transition metal ions (Fe, 

Mn, Co, Ni and Cu) and ligand atoms (N and S), are particularly 

suitable for the construction of highly delocalized MOFs. For 

example, charge transport was found to occur through an infinite 1D 

(-Mn-O-) chain in Mn2(DOBDC) (H4DOBDC = 2,5-

dihydroxybenzene-1,4-dicarboxylic acid). By replacing the oxygen 

atom with a sulfur atom, and forming an infinite 1D (-Mn-S-) chain 

in the framework, energy mismatch was decreased and charge 

delocalization enhanced. The resultant MOF material Mn2(DSBDC) 

(H4DSBDC = 2,5-disulfhydrylbenzene-1,4-dicarboxylic acid) 

exhibited higher charge mobility than its original analog.63 In 

another example, Dincă et al. reported that mixed valence FeII/III 

nodes improved the charge density throughout the framework. The 

corresponding MOFs exhibited at least 5 orders higher conductivity 

compared to the analogous structures (Figure 1A) comprised of 

different metal centers (Mg, Mn, Co, Ni, Cu, Zn and Cd).54, 63, 65  

(3) π-π interactions 

Π-π interactions introduce through-space electronic delocalization, 

providing an additional conduction pathway. In this scenario, spatial 

positioning and orientation of framework components become 
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increasingly important. Extended π-stacks and π-conjugation can be 

highly efficient at charge transport. This type of conduction 

mechanism was first reported in molecular charge transfer 

complexes, such as TTF-TCNQ, which were the first examples of 

purely organic materials exhibiting metallic conductivity.66 A similar 

structural motif has been incorporated into MOFs with 

functionalized TTF (tetrathiafulvalene) derivatives receiving 

particular attention.67-69 The π-π stacking of TTF moieties resulted in 

the formation of highly conductive charge transport columns. By 

adjusting the size of metal ions in the coordination environment, S-S 

distance between the TTF units could be modified to increase the 

orbital overlap, leading to improved conductivity.69 Another type of 

π-π interaction, in-plane π-conjugation, introduces charge 

delocalization in the 2D MOF.70-75 The 2D MOF Cu-BHT (BHT = 

benzenehexathiol), reported by Zhu et al. in 2015, displays great 

charge delocalization due to extended 2D π-conjugation, which 

exhibits conductivity as high as 1580 S cm-1 at room temperature 

(Figure 1C).46, 56 

Utilizing the aforementioned strategies, the design of conductive 

frameworks was recently reviewed.45-47 Overall, it is clear that the π-

π strategy has resulted in the largest increase in conductivity.  

3. Redox Hopping in Linear Redox Polymers 
Revisited 

While a few MOFs have been specifically designed for enhanced 

charge transport capabilities, there are numerous reported 

frameworks exhibiting moderate conductivity based on charge 

hopping. For MOF based electrocatalysts, the overall charge 

transport processes involve not only the flow of electrons throughout 

the framework, but also the kinetics of the catalytic cycle, the 

transport of the reactants and products, and the diffusion of counter-

ions.46, 76 These processes are paralleled in polymer thin films coated 

on electrodes, which were previously studied for their redox hopping 

behavior.77, 78 In a similar fashion to MOFs, the redox centers in 

linear redox polymers are distributed throughout the polymer matrix 

as discrete sites. 

Electroactive species, for example [Ru(bpy)3]
2+,79 TTF80 or 

ferrocene81 were incorporated into polymer thin films via in situ or 

post-synthetic methods. Different fabrication methods, including 

electropolymerization and spin casting were employed for deposition 

of polymers as thin films on electrode surfaces.82-84 The charge 

transport behavior of these films was typically characterized using 

electrochemical and spectroscopic techniques,85 among others.86 In 

the late 1970s, Murray and Kaufman et al. first proposed that the 

primary charge transfer mechanism in these polymers is redox 

hopping between the neighboring redox centers. Since then, there 

have been numerous reports that try to understand the nature of the 

hopping process, which is briefly summarized as follows.80, 84, 87, 88  

Charge transport across the polymer thin film can be defined in 

terms of a diffusion process obeying Fick’s law. Redox reactions in 

polymers occur via electron hopping or electron self-exchange 

between electroactive sites, coupled with counter-ion diffusion 

inside the films to maintain electroneutrality. The overall charge 

transport rate can be described by an apparent diffusion coefficient, 

Dapp, which was first proposed by Dahms and Ruff et al.89-91 (D-R 

equation) and further interpreted and modified by Anson,83 Bard,79 

Saveant et al.92, 93 (Equations 1a and 1b):  

Dapp = D0 + Dex    (1a) 

Dex = kCδ2/6    (1b) 

where D0 is the diffusion coefficient contributed by the physical 

displacement of electroactive species and counter-ions. Dex is the 

self-exchange/electron hopping rate, k is the dinuclear self-exchange 

constant, C is the concentration of the active sites, and δ is the site to 

site distance. Measurement of the physical diffusion coefficient of 

the redox centers and the Dapp revealed that the charge transport is 

likely limited by ion/molecule diffusion or self-exchange electron 

transfer (charge hopping).79, 88, 94 Follow-up studies revealed that, as 

the loading level of electroactive sites in the polymer matrix 

increases to a certain threshold level, the Dapp exhibits a rapid 

increase.81, 93, 95 It was found that D-R equation could not fully 

explain the concentration dependent variation of Dapp. In later 

reports, the description of charge propagation was improved by 

taking the effects of ion association and percolation theory into 

account.93, 96-99 The in-depth details of the theoretical studies 

involving these processes will not be discussed beyond this point. 

From here on, we would like to focus on the results that are relevant 

to the redox hopping process in MOFs.  

(1) Critical role of counter-ions  

During the cyclic voltammetry (CV) experiments, slow ion diffusion 

into the polymer matrix is responsible for the non-ideal shape of the 

observed CV wave.84, 100 An activation step or a break-in process 

(Figure 2A), in which the current continuously increased with each 

cycle until reaching a steady state, was also attributed to slow 

counter-ion diffusion and electron hopping rate compared to the 

voltammogram timescale .84 Moreover, electrolyte properties play an 

important role in governing the electrochemical response of polymer 

thin films. Additional factors, such as ion pairing81, mobility, and the 

concentration of counter-ions86, 101 can cause pronounced effects on 

the voltammetric response and charge transport rate.  

(2) Solvent swelling effect 

Unlike MOFs, however, thin films based on polymers do not exhibit 

permanent porosity, yet they allow for the counter-ion permeation to 

occur.84, 86 When the solvent swells the polymer matrix, not only is 

the formation ion diffusion channels observed,81, 87 but also the 

distance between electroactive sites102 increases. Therefore, this 

process could have an opposing effect on the resultant current 

response, either increasing or decreasing it. Due to the relatively 

high rigidity of MOF structures compared to polymers, it is 

reasonable to assume that the solvent swelling effect would be 

negligible. However, MOF crystal engineering could lead to an 

effect equivalent to solvent swelling by tuning the pore size and the 

distance between redox sites. 
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Figure 2. (A) Cyclic voltammograms of TTF loaded polymer film 

measured in 0.1 M TEAP/CH3CN (TEAP = Tetraethylammonium 

perchlorate) with a scan rate of 100 mV/s, demonstrating the “break 

in” process.86 (B) Cottrell plots of polymer thin films coated onto 

electrode with different loading of [Ru(bpy)3]
2+.100  

(3) Scan rate dependent CV analysis 

Dependency between peak current (Ip) and peak separation (∆Ep) in 

CV and scan rate (ν) could be used as a diagnostic criteria for 

distinguishing surface confined vs. diffusion controlled redox 

reactions.87, 103 When the peak current is primarily generated from a 

diffusion control redox hopping, it should obey the Randles–Sevcik 

equation (Equation 3):  

Ip = 0.4463nFAC(nFνD/RT)1/2   (3) 

On the other hand, if Ip is originated from surface bound redox 

species, it should follow Equation 4, 

Ip = n2F2νAΓ/4RT      (4) 

where n is the number of electrons transferred, F is the Faraday 

constant, A is the electrode surface area, C is the concentration of the 

redox-active species in the polymer thin film, D is the diffusion 

coefficient, R is the molar gas constant, T is the absolute temperature 

and Γ is the amount of active species adsorbed on the electrode. 

Interestingly, these two scenarios are not mutually exclusive, and the 

same material could exhibit either of the scan-rate dependence 

behaviors at different scan rates. Bard et al. reported that a 100 nm 

Nafion film containing 2.2 nmol/cm2 [Ru(bpy)3]
2+ exhibited a 

surface confined behavior at slower scan rates (< 30 mV/s). 

However, at higher scan rates the voltammetric response of the 

material switched to bulk diffusion characteristic (Figure 2B).100 

(4) Semi-infinite vs finite diffusion 

Chronoamperometry is a highly convenient method for elucidating 

Dapp. Semi-infinite-diffusion-based Cotrell behavior was observed in 

most studied cases.103 Dapp can be calculated from the slope of ip 

versus t-1/2 plot. It is important to note that the linear region in this 

graph is usually only valid at the early stages of a potential step.100, 

103 The relationship deviates from a linear trend with increasing 

reaction time, as the thickness of the diffusion layer approaches the 

thickness of the polymer thin film.100 This behavior suggests a 

transition from semi-infinite diffusion model (linear region) to finite 

diffusion (non-linear region).81, 104  

4. Redox Hopping Behavior in MOFs  
It was discovered that the electrochemical behavior in a vast number 

of MOFs displays great similarity with that of redox polymer films. 

Valuable insights and guidelines for interrogating the redox hopping 

behavior in MOFs to be used in electrochemical applications could 

be obtained from the aforementioned studies. The recent studies on 

the redox hopping process of MOFs are summarized and ordered in 

a similar fashion to the polymer section. 

The nature of electrolyte plays an important role in governing 

electrochemical behavior of MOFs. Furukawa et al. reported that 

changing the electrolyte from (n-Bu4N)BF4 to (n-Bu4N)NO3 resulted 

in a negative shift of the redox potential of ferrocene/ferrocenium 

couple (from 0.95 to 0.78 V vs Ag/AgCl) incorporated inside the 

MOF, {[Zn(Fcdc)(bpy)](DMF)0.5(MeOH)0.5}n (Fcdc = 1,1′-

ferrocenedicarboxylate).105 The authors assigned this potential shift 

to the stronger ion pairing effect between NO3
- and ferrocenium, 

lowering the ferrocene oxidation potential. In a closely related study, 

Farha and Hupp et al. reported a bias-switchable ion permselectivity 

in ferrocene installed NU-1000 (Fe-NU-1000) MOF thin films. At 

low electrolyte concentration (0.05 M (n-Bu4N)PF6), the 

electrogenerated ferrocenium cations inside the MOF will block the 

infiltration of cation ion (Figure 3A).106 Since the onset oxidation 

potential for the linker of NU-1000, TBzPy (1,3,6,8-tetrakis(p-

benzoate)pyrene, 1.5 V vs Ag/AgCl) is higher than that for ferrocene 

(0.8 V vs Ag/AgCl), positive counter-ions were unable to diffuse to 

the linker due to the exclusion effect cause by the oxidized 

ferrocene. When the concentration of (n-Bu4N)PF6 (0.5 M) in 

solution is higher than ferrocenium in the framework (0.3 M), the 

charge of the overall structure returned to neutral, allowing the 

cations to infiltrate. As a result, the oxidation of the TBzPy linker 

could occur at the expected oxidation potential. 

The break-in process was also observed in the CV of 

electrochemically active MOF thin film. Dinca et al. employed a 

solvothermal deposition method to fabricate [Zn(NDI-X)] (NDI = 

naphthalene diimide, X = H, SEt, NHEt) framework as thin films on 

FTO electrodes for applications in electrochromic windows.107 This 

method generally results in more robust films, compared to 

mechanical immobilization of MOF particles. Evidence for diffusion 

limited charge transport can be observed in the multi-cycle CV 

experiment, where a steady increase in the peak current for reduction 

of [Zn(NDI-H)] can be observed over the course of 50 cycles until 

reaching a plateau (Figure 3B). Compared to an unfunctionalized 

NDI core, the SEt analogue exhibited a constricted pore space, 

resulting in less favorable counter-ion diffusion. Thus, it required 

more time (longer scan cycle) to access all the electroactive sites 

within the framework, similar to the break-in process observed in 

polymer thin films.  

The redox hopping pathways in MOFs were studied via scan rate 

dependent CV analysis. In 2011, Marken et al. reported a study on 
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redox processes of the ferrocenyl groups in post synthetically 

modified MOF, [Zn4O(bpdc-NH2)3] (H2bpdc-NH2 = 2-

aminobiphenyl-4,4′-dicarboxylic acid).108 The sample was attached 

to the basal plane pyrolytic graphite electrode by rubbing the 

electrode surface with the MOF powder. Variable scan-rate CV 

experiments were carried out in 0.1 M (n-Bu4N)PF6/dichloroethane 

electrolyte. The position and separation of the ferrocene reduction 

and oxidation peaks was found to be independent of the scan rate. 

Moreover, the dependency of peak current (ip) and scan rate (ν) was 

found to be ip∝ν0.78. These results led the author to conclude that the 

redox process was facilitated by the charge hopping confined to the 

MOF particle surface. In another example, D’Alessandro et al. found 

that the charge hopping could operate throughout the entire 

framework. In their study, redox active MOF powder 

[Zn2(NDC)2(DPNI)] (NDC = 2,7-naphthalene dicarboxylate, DPNI 

= N,N′-di(4-pyridyl)-1,4,5,8-naphthalenetetracarboxydiimide) was 

deposited onto an ITO-coated quartz electrode (ITO = indium tin 

oxide) using mechanical immobilization for electrochemical and 

spectroelectrochemical studies.109 Under a reducing potential bias, 

the color change of the MOF, detected by diffuse reflectance UV-

Vis-NIR spectroscopy, provided further evidence for in-MOF 

diffusion controlled redox reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (A) Scheme of cationic exclusion effect in oxidized 

ferrocene doped NU-1000 and CV of the corresponding thin film.106 

(B) Structure of [Zn(NDI-SEt)] and the CV data of the MOF film on 

FTO electrode measured in 0.1 M (n-Bu4N)PF6/DMF electrolyte 

using 100 mV/s scan rate, showing overlapping voltammograms.107 

The MOF composition was also used to modify the transition 

between surface-confined and bulk redox hopping. Morris and co-

workers reported a [Ru(tpy)(dcbpy)OH2]
2+ modified UiO-67 (Ru-

UiO-67, tpy = 2,2′:6′,2′′-terpyridine, dcbpy = 5,5′-dicarboxy-2,2′-

bipyridine) thin film grown on an FTO electrode using a 

solvothermal method, and employed the film for electrochemical 

water oxidation.23 During the synthesis of Ru-UiO-67, the ratio of 

the catalyst [Ru(tpy)(dcbpy)OH2]
2+ and the backbone linker BPDC 

(biphenyl-4,4′-dicarboxylic acid) was varied to modulate the catalyst 

loading.23, 110 To evaluate the amount of electroactive sites, a 

potential step was applied to the Ru-UiO-67 thin films to oxidize the 

Ru centers form +2 to +4 oxidation state. The charge passed during 

this process was recorded. The number of electroactive Ru 

complexes within the films was estimated from the total charge 

passed during the potential step. The values ranged from 3.8 × 10-11 

to 1.2 × 10-8 mol cm-2 across the films with different loadings. In 

order to further elucidate these results, a scan rate dependent 

voltammetry study was conducted on Ru-UiO-67 thin films with 

different active site coverage. The plot of log(ip) vs log(scan rate) 

provides a clue to the nature of the redox process and charge 

propagation. The slope of this plot was found to decrease from 1 to 

0.5 as the active site coverage level increased (Figure 4A, 4B). It 

was postulated that, at a low active site coverage level, site-to-site 

charge hopping was limited by long average distances between the 

Ru centers. Thus, the current response was mostly due to the 

oxidation of Ru catalysts in direct proximity to the electrode surface. 

As the electroactive species concentration increased, more pathways 

for charge hopping became available. Therefore, the current 

contribution from redox hopping gradually increased until it became 

the dominant component of the electrochemical response (Figure 

4C). 

Figure 4. (A) Cyclic voltammograms of Ru-UiO-67 thin film 

measured at scan rates ranging from 10 to 1000 mV/s; (B) The slope 

of the log |ip| (red, cathodic peak; black, anodic peak) against log 

(scan rate) with respect to active site coverage; proposed charge 

transport pathways in Ru-UiO-67 thin films with low (C) and high 

(D) electroactive site coverage.23  

These results highlighted the importance of further mechanistic 

studies of the diffusion limited redox hopping phenomena that 

directly influence the electrochemical and electrocatalytic properties 

in MOFs. In previous reports, metalloporphyrins were identified as 

ideal moieties for spectroelectrochemistry characterization due to 

their distinctly varied spectra in different oxidation states. By 

conducting solid state spectroelectrochemistry analysis, Morris et al. 

reported the first systematic study of the redox hopping mechanism 

of a MOF thin film (CoPIZA). This thin film was solvothermally 

grown on FTO substrates, which contains CoTCPP (5,10,15,20-(4-

carboxyphenyl)porphyrin]CoIII, Figure 5A).111 CV experiments were 

performed on the resultant films using 0.1 M LiClO4/DMF as a 

supporting electrolyte. Two cathodic peaks were detected at -1.1 V 

and -1.45 V vs ferrocyanide and assigned to the consecutive 

reductions of the metal centers inside the porphyrin core, 

CoIII/IITCPP, and CoII/ITCPP, respectively. The first cathodic peak 

was accompanied by an anodic peak at -0.975 V and was ascribed to 

the reversible wave for CoIII/IITCPP redox couple. The peak current 

ipc at -1.1 V, recorded at different scan rates, was linear to ν1/2 and 

A 
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not ν. As discussed before, the square root dependence indicates a 

diffusion limited redox hopping process. The absorption spectra of 

CoPIZA at different applied potentials were recorded. By fitting the 

difference of absorption values (∆A) at 419 nm for the CoII/ITCPP 

(CoPIZA) redox couple to a modified Cotrell equation (Equation 5, 

Figure 5B), the apparent diffusion constant Dapp was calculated to be 

7.55(±0.05)×10-14 cm2/s. 

∆A = 2AmaxDapp
1/2t1/2/dπ1/2          (5) 

A similar charge hopping behavior was demonstrated in a related 

cobalt porphyrin framework NAFS-1. In a recent study reported by 

Coronado et al., a multilayer thin film of NASF-1 was deposited on 

1-dodecylphosphonic acid (C12P) soaked permalloy (Py) substrate, 

Py-C12P. The resistance (R) of the MOF thin film at different 

thicknesses (d) was measured with a Hg drop top electrode and 

AFM.112 A shallow dependence between R and d suggested that 

hopping was the primary mechanism responsible for the charge 

transport, and, as a consequence, for the conduction properties of 

this framework.112, 113 

 

 

 

 

 

 

Figure 5. (A) A scheme of solvothermally grown CoPIZA thin film 

on FTO substrate. (B) Determination of apparent diffusion 

coefficient from the change of absorption at 419 nm of the 

(CoII/ITCPP) redox couple in Co PIZA.111  

5. Redox Hopping in MOF Electrocatalysts 
The examples discussed above clearly demonstrate the relevance of 

redox hopping to charge transport in electroactive frameworks. 

Currently, the interplay between electronic conductivity (determined 

by direct resistivity measurements) and redox hopping rate (derived 

from time-dependent electrochemical experiments), is still not fully 

understood.46 A few reported electrocatalytic MOFs, where redox 

hopping was identified as a key mechanism for supplying the charge 

to the catalytic process,21, 23, 25, 29, 35, 39, 114 were found to be poor 

electrical conductors.24, 37 Nevertheless, several reports demonstrated 

that this process was capable of supplying charge to catalytic centers 

and of driving electrocatalytic transformations with high 

efficiency.24, 37, 39 Several factors, including the activity and the 

spatial arrangement of the catalyst, electroactive site coverage, and 

the thin film properties play important roles in dictating the 

performance of MOF electrocatalysts. 

Incorporation of efficient catalysts and the variation of the linkers 

used in the construction of the framework were demonstrated to be 

feasible strategies to modify the electrocatalytic performance. Yaghi 

et al. built a Co porphyrin based covalent organic framework (COF) 

as a CO2 reduction electrocatalyst (COFs are a family of porous 

materials related to MOFs, but with structure supported by covalent 

bonds). An electronic absorption spectroelectrochemical study 

revealed a Cotrell type diffusion controlled redox hopping behavior 

in these materials. A potential step (-0.57 V vs RHE) was applied to 

COF-366-Co thin film while recording the absorption at 640 nm as a 

function of time. A relatively moderate Dapp value of 2×10-12 cm2/s 

was calculated by fitting the resultant data. The framework exhibited 

a remarkable turnover number up to 290000 with Faradaic efficiency 

reaching as high as 90%.37 To test the effect of pore size on 

catalysis, Yahgi et al. expanded two isostructural frameworks, COF-

366-Co and COF-367-Co. The cobalt porphyrin centers were 

connected by 1,4-benzenedicarboxaldehyde (BDA) in COF-366-Co 

and biphenyl-4,4′-dicarboxaldehyde (BPDA) in COF-367-Co. Based 

on BET surface area analysis, the pore size distribution of the 

frameworks increased from 10-18 Å in COF-366-Co to 12-23 Å in 

COF-367-Co. Larger pore size resulted in a higher CO2 adsorption 

and therefore more rapid diffusion of both reactants/products and  

counter-ions. Thus, COF-367-Co exhibited higher catalytic current 

and lower overpotential for CO2 reduction, compared to COF-366-

Co under the same conditions. In addition, the percentage of 

electroactive cobalt centers increased from 4% in COF-366-Co to 

8% in COF-367-Co, providing further support for diffusion 

controlled redox behavior. 

Increasing the percentage of accessible electroactive sites could lead 

to the enhancement of a catalytic response under the same catalysts’ 

loading level. It should be noted that less than 10% of the cobalt 

catalysts in the frameworks described above are electrochemically 

addressable. The authors attributed this low site availability to poor 

electrical contact between the electrode and deposited COF particles. 

Direct film growth during the framework synthesis is a promising 

option to alleviate this issue. Hupp et al. developed an alternative 

approach broadly applicable to a wide variety of MOF powders. In 

the report, colloidal NU-1000 particles carrying a negative charge 

were attached to the FTO electrode by electrophoretic deposition 

(EPD). Increasing deposition time resulted in an increase in the 

percentage of electrochemically accessible TBzPy linkers. Prolonged 

EPD time produced highly dense films comprised of MOF particle 

aggregates. Due to effective particle-to-particle redox hopping, more 

than 95% of the linkers were active in the NU-1000 thin film 

fabricated over the course of 180 min.115 This study demonstrated 

that electrochemical site accessibility could be increased through 

optimization of thin film fabrication techniques. Furthermore, it 

highlighted that the redox hopping properties within the particle can 

be modelled with high accuracy due to the regular, highly ordered 

nature of most MOF structures with well-defined positioning and 

orientation of redox centers.  
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Figure 6. (A) Depiction of Al2(OH)2TCPP-Co film as an 

electrochemical CO2 reduction catalyst and the relationship between 

the catalytic current density and the number of ALD cycles;35 (B) 

CVs of MOF-525 thin film measured in the presence of varying 

amounts of nitrite, showing the increase in catalytic current with 

increasing substrate concentration. Based on the J vs t−0.5 plots, 

obtained from the potential step experiments (0.9 V), it was 

determined that the Dapp also increased when more nitrite was 

present in the solution.114 

 

Moreover, controlling thickness and morphology of the MOF thin 

film is particularly advantageous for facilitating rapid charge and 

mass transport throughout the structure. Yang and Yaghi et al. 

employed this design strategy to obtain an efficient CO2 reduction 

catalyst containing Co-TCPP catalysts, which also serve as bridging 

linkers to form the electrocatalytic [Al2(OH)2TCPP-Co] 

framework.35 To achieve this, a nanosized Al thin film was first 

formed on the substrate by atomic layer deposition (ALD). Next, a 

[Al2(OH)2TCPP-Co] MOF thin film was grown by heating the Al 

coated electrode at 140°C in the DMF/water mixture in the presence 

of Co-TCPP linker. Cathodic peak current at -0.4 and -0.5 V, as well 

as anodic peak current at -0.2 V vs RHE exhibited a linear 

relationship with respect to ν1/2. This result confirmed the diffusion 

limited redox nature of the redox processes in these nanosized MOF 

thin films. Varying the cycle number of ALD can be used for precise 

control of the film thickness with the values ranging from 10 nm to 

30-70 nm, when the cycle number was increased from 5 to 50. The 

catalytic current density at -0.57 V vs RHE increased as the number 

of ALD cycles increased from 0 to 50. Interestingly, further 

increases in the film thickness led to a drop in the catalytic current. 

(Figure 6A). The authors attributed this effect to the balance of 

charge hopping and reactant/product diffusion to and from the bulk 

electrolyte. A similar conclusion was drawn by Marinescu et al. who 

investigated electrochemical H2 reduction using a CoBHT (BHT = 

benzenehexathiolate) framework as a catalyst. The maximum 

catalytic current was attained for 244 nm thick films with further 

increases in thickness (1000 nm) causing a drop in the 

performance.116 

6. Is Redox Hopping Sufficient to Drive MOF-
based Electrocatalysis? 

As discussed earlier, for a MOF with redox hopping as its primary 

mode of electron transport, careful optimization of the framework 

thin film parameters could produce highly efficient electrocatalytic 

materials. In this section, we aim to qualitatively evaluate the effect 

of the redox hopping rate upon MOF electrocatalytic performance, 

and also attempt to answer the core question: is a conductive 

framework necessary, or is charge transport via redox hopping 

enough to drive efficient electrocatalysis? 

The focus of the discussion is the relationship between the steady 

state catalytic current, Icat, and the parameter diagnostic of the redox 

hopping rate in the MOF thin films, Dapp. For the majority of 

electroactive MOFs, the measurement of Dapp was made by 

analyzing the current response after a potential step below the onset 

of catalytic current. The resultant potential bias will oxidize or 

reduce all the electrochemically accessible redox centers. Therefore, 

the corresponding current is the result of a semi-infinite diffusion 

process. However, at potentials sufficient to drive catalysis, the 

electroactive species are continuously switching between redox 

states as they participate in the catalytic cycle. Presumably redox 

hopping will only occur in the layers close to the electrode 

surface.114 It was found that Dapp of a porphyrin based MOF-525 thin 

film measured at catalytic potentials increased as the concentration 

of reactant increased (Figure 6B).114 Therefore, the value of Dapp 

obtained under catalytic conditions does not simply represent the 

intrinsic charge hopping properties of the material. Consequently, 

the resultant catalytic current Icat cannot be directly fitted to a semi-

infinite diffusion model, and additional considerations are required 

to relate Dapp with Icat.  

Herein, we propose a simple model to discuss the relationship 

between Dapp and Icat. For molecular catalysts operating under the 

simplest possible EC mechanism under certain potential bias, the one 

turnover cycle can be separated into two steps. The first step is pre-

catalysis oxidation or reduction of the catalytic center to reach its 

active oxidation state, similar to a charging process. The second step 

involves the sequence of transformations required to convert a 

substrate to a product. These include the interaction of substrate with 

the active site, intramolecular electron transfer, and the release of the 

product. The time required to complete these two steps can be 

denoted as tq and tcat (s), respectively. Similar results can be expected 

in MOFs, since catalytic sites are typically immobilized inside a 

porous scaffold, and are equally accessible for the substrate 

molecules. The average time required for the active species to 
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complete the two steps in one catalytic cycle can be assigned as tMOF-

q and tMOF-cat. This assumes the second step remains unchanged 

between the species in solution and those confined inside the 

framework, tMOF-cat = tcat for all active sites. tMOF-q and tq, on the other 

hand, might differ due to the different nature of charge transport and 

diffusion. Thus, the overall turnover frequency for the same catalyst 

under homogeneous condition (TOF, s-1) and inside the MOF (TOF′, 

s-1) is also expected to differ. 

TOF = 1/(tq + tcat)      (6) 

TOF′ = 1/(tMOF-q + tMOF-cat)    (7) 

It is reasonable to assume that TOF′ will be lower than TOF if tMOF-q 

is larger than tq (Equation 5), which means that the catalysis will be 

limited by charge transport.  

Now, we can consider a relationship between Icat and Dapp via the 

intermediate parameter tMOF-q. Assuming an electrode area of 1 cm2, 

given the charge passed per unit time during electrolysis, Q (C s-1 

cm-2), then the active site coverage, Γ (mol/cm2) and the 

concentration of active sites in MOF thin films C (mol/cm3) should 

be, 

Γ = Q/nFTOF′       (8) 

C = Γ/d         (9) 

where n is the number of electron transferred in the reaction, F is 

Faraday constant, and d is the thickness of the MOF thin films that 

are involved with the catalytic turn over process. Assuming that 

redox hopping only occurs during the charging step tMOF-q as a semi-

infinite diffusion process, and the charge passed in each turnover 

cycle, Q′ (C/cm2) is, 

Q′ = Q/TOF′        (10) 

we can evaluate the Dapp (cm2/s) of the charge transport. Based on 

Anson equation,  

Dapp = Q′2π/4n2F2A2C2tMOF-q    (11) 

From equations (7)—(11), we obtain an expression for Dapp under all 

the assumptions mentioned above: 

Dapp = πd2/4tMOF-q = πd2/4(1/TOF′ - tMOF-cat)   (12) 

For equation (12), it is important to note that: 

(1) tMOF-cat should be always smaller than 1/TOF′.  

(2) The range of the possible values of d is implicitly related to Γ. 

For most molecular catalysts, the surface coverage of a fully 

packed monolayer, γ, is usually between 10-9 to 10-11 mol/cm2. 

For a given Γ and the thickness of a catalyst monolayer, l (nm), 

the minimum value of film thickness should therefore be:  

dmin = Γ/γl (nm)        (13) 

If TOF′ and tMOF-cat are constant, then the minimum redox 

hopping rate Dapp-min would be measured at dmin. 

(3) The benchmark current, Icat, required for a commercially 

feasible catalytic MOF thin film should reach at least 10 

mA/cm2.40, 41 Thus, the Q discussed here will be 0.01 C/cm2. 

(4) For simplicity, the possible dependence of the magnitude of 

Dapp with respect to the concentration of active sites was 

omitted from the calculations (although it is noted that previous 

experimental work supports such behavior for MOF films).23 

 

Considering a CO2 to CO reduction reaction (n = 2), when Icat = 10 

mA/cm2, γ = 10-10 mol/cm2, l = 1 nm, dmin ≥ l and tMOF-cat is constant, 

as TOF′ increases, Dapp-min decrease accordingly (Figure 7). A 

relatively low Dapp-min value (10-12 - 10-10 cm2/s) is adequate to 

support 10 mA/cm2 catalytic current density when the TOF′ of the 

incorporated catalyst is high and the thickness of the MOF film is 

small. For example, to support a 10 mA/cm2 steady state catalytic 

current, if tMOF-cat is 0.01 s and the overall TOF′ is 10 s-1, the 

calculated dmin should be ~52 nm and the corresponding Dapp-min is 

readily attainable 2.3×10-10 cm2/s.23, 117 It is possible to realize this 

scenario since there are already several electrochemical CO2 

reduction catalysts118 with TOF′ higher than 100 s-1 reported and 

there are techniques available for fabrication of MOF thin films on 

the nanometer scale. 

Figure 7. For electrochemical CO2 reduction (CO2 to CO) facilitated 

by a MOF thin film (assuming Icat = 10 mA/cm2, γ = 10-10 mol/cm2, l 

= 1 nm and dmin ≥ l), the expected Dapp-min with respect to the TOF′ 

calculated at different tMOF-cat and dmin. 

In practice, activation of the catalyst, namely transferring n electrons 

per site, usually involves one or multiple redox processes occurring 

at different potentials. Currently, the reported Dapp values are mostly 

obtained from a single redox process and do not consider the entire 

activation process. Careful experimental design for accurate 

determination of Dapp-min is necessary to make more meaningful 

comparisons between different catalytic systems. Considering that 

the Dapp-min values obtained from our simple model are in the same 

range as Dapp reported in literature, it seems evident that redox 

hopping is indeed sufficient to support electrocatalysis in MOFs. 

More precise evaluation of the redox transport rate in MOF thin 

films would require the in-depth analysis and measurement of the 
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intrinsic diffusion properties under catalytic conditions. For instance, 

the coefficients for electronic (De) and ionic (Di) diffusions could be 

elucidated from theoretical modeling119-121 and experimental 

measurements.82, 122-124  

7. Conclusion 
The rate of electrocatalysis in MOF thin films is controlled by not 

only the charge transport properties of the material but also the 

kinetics of the incorporated catalyst, as well as the diffusion of 

reactants/products and counter-ions. In this report, we evaluated the 

possibility of MOF-based electrocatalysis supported entirely by a 

redox hopping process. From our simple catalytic model, this mode 

of charge transport is indeed capable of supplying the necessary 

charge across the framework. These results provide practical 

guidelines for designing and improving existing MOF 

electrocatalysts. These include: (1) incorporating catalytic centers 

with high TOF; (2) increasing the coverage of uniformly distributed 

active sites in the framework; (3) optimizing the shape and 

dimensions of pore channels to enable rapid mass transport; and (4) 

decreasing the thickness and improving the quality of MOF film 

fabricated on the electrode.125, 126 Several other considerations 

related to MOF electrocatalysis are worth mentioning here. First, 

catalytic activity of molecular catalysts might be altered when 

incorporated inside MOF due to the structural modification and the 

altered chemical environment of the compound. In addition, the ideal 

reaction conditions for homogeneous catalysis might not be suitable 

for its corresponding MOF electrocatalyst. Some MOFs in particular 

are not stable in basic/acid aqueous solution and specific buffer 

solutions (e.g. phosphate buffer), as well as over particular potential 

ranges. Careful consideration is required to optimize the 

electrocatalysis reaction condition for MOF materials. Finally, 

evidence has shown that material transformation/degradation can 

occur to MOF electrocatalysts during a reaction. Therefore, it is 

necessary to conduct elaborate characterization (PXRD, SEM, ICP-

MS, surface area analysis etc.) of MOF and MOF thin film 

electrocatalyst before and after the reaction, to confirm the integrity 

of MOF electrocatalysts. Further research to address these 

challenges is important for realizing the future applications of 

efficient and stable MOF electrocatalysts.  
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