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ABSTRACT: The reorganization energy, λ, for interfacial elec-

tron transfer (ET) and for proton-coupled electron transfer 

(PCET) between a water oxidation catalyst and a conductive 

In2O3:Sn (ITO) oxide were extracted from kinetic data by applica-

tion of Marcus-Gerischer theory. Specifically, light excitation of 

the water oxidation catalyst [RuII(tpy)(bpy)2(4,4’-(PO3H2)2-

bpy)OH2]2+ (RuII-OH2) anchored to a mesoporous thin film of 

ITO nanocrystallites, where tpy is 2,2’:6’,2’’-terpyridine and bpy 

is 2,2’-bipyridine, resulted in rapid excited-state injection 

(kinj > 108 s-1). The subsequent reaction of the injected electron 

(ITO(e-)) and either the protonated or the deprotonated oxidized 

catalyst were quantified spectroscopically on nanosecond and 

longer time scales. The metallic character of the ITO allowed 

potentiostatic control of the reaction free energy change -ΔGo 

over a 1 eV range. Below the pKa = 1.7 of the oxidized catalyst, 

the reaction was strictly ET and occurred much more rapidly than 

under more basic conditions. Over the pH range 2 ≤ pH ≤ 5, the 

interfacial PCET reaction (ITO(e-) + RuIII-OH + H+→ RuII-OH2) 

occurred on longer time scales than the ET reaction. Plots of the 

rate constants versus -ΔGo provided a reorganization energy for 

PCET λPCET = 0.9 eV and for ET λET = 0.5 eV. The generality of 

this approach was tested with a second water oxidation catalyst. 

The utilization of conductive oxides is shown to be a powerful 

tool for quantifying PCET reorganization energies at oxide sur-

faces for the first time. 

    Proton-coupled electron transfer (PCET) describes reactions 

that involve a change in both electron and proton content between 

reactants and products.1–3  Inspired by natural photosynthesis, 

homogeneous reactions have been characterized.4–10 The PCET 

reactivity at semiconducting11,12 and metal interfaces13–15 have 

also garnered considerable interest. Like electron transfer (ET) 

reactions, PCET dynamics are expected to depend on the electron-

ic coupling, Hab, the free energy change -ΔGo, and the reorganiza-

tion energy λ, yet a consensus on the magnitude of λ does not 

exist.  Babcock intuitively predicted that protein reorganization 

would be smaller when the H+ and the e- were transferred together 

as opposed to sequentially,16,17 yet the limited experimental data 

available today suggests the opposite, λPCET ≥ λET.
5,18,19 As the 

outer-sphere reaction is likely to be a key determinant, it is desir-

able to determine λPCET directly from kinetic data measured as a 

function of -ΔGo20–22 as described by Marcus.  Electrochemical 

techniques enable continuous tuning of -ΔGo without the need to 

synthesize a family of donor-acceptor compounds. Herein, proof-

of-principle examples of a new kinetic method are reported that 

utilize the transparent and conductive nature of highly doped ox-

ide materials23–25 with photoactive water oxidation catalysts that 

undergo well defined PCET chemistry26–29. Pulsed light excitation 

of the ruthenium catalysts results in rapid electron injection into 

the oxide yielding RuIII-OH2. Owing to the different pKa values of 

RuII-OH2 (9.7) and RuIII-OH2 (1.7) the subsequent recombination 

reaction was tuned to be purely ET (pH < 1.7) or PCET 

(2 ≤ pH ≤ 5),  though the latter can occur either in one concerted 

step (CPET) or sequentially, Scheme 1.28 The data reveal clearly 

that PCET reactivity is kinetically inhibited relative to ET, behav-

iour shown to result from an almost two-fold increase in the reor-

ganization energy. These experiments provide a new method by 

which λPCET can be systematically quantified. 

 

Scheme 1. Interfacial PCET following pulsed light excitation 

with possible sequential and concerted steps. The ET reaction 

was characterized at pH < 1.7, indicated as step ET2 and 

PCET at pH ≥ 2, respectively.  
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Figure 1. (a) The visible absorption spectra of ITO│-RuII-OH2 recorded in a pH 1 (black) or pH 5 (red) solution. The inset shows the tran-

sient absorption spectra measured 20 ns after pulsed 532 nm excitation (4  mJ cm-2)  at pH 1 (black circles) and 5 (red circles) with over-

laid simulations as the solid lines. (b) Plots of E1/2 as a function of pH for the RuIII/II redox chemistry measured on the ITO surface (dia-

monds) and previously reported data (solid line) for the catalyst without phosphonate groups in fluid solution.26 The pKa values for the 

oxidized and reduced catalyst, as well as the formal reduction potentials for the aquo E0
1(RuIII/II-OH2), hydroxo E0

2 (RuIII/II-OH), and for 

concerted E0
CPET(RuIII-OH+H+/RuIIOH2) are indicated.  

    The mesoporous degenerately-doped ITO films were prepared 

as previously reported23 with a thin ZrO2 shell deposited by atom-

ic layer deposition to enable better time-resolution of the reaction 

kinetics30 (see Supporting Information (SI)). Synthesis of 

[RuII(tpy)(bpy)2(4,4’-(PO3H2)2-bpy)OH2]2+, where bpy is 2,2’-

bipyridine and tpy is 2,2’:6’,2’’-terpyridine, proceeded through a 

previously reported chloro analogue that was then treated with 

AgNO3 in aqueous solutions.
29  Sensitization of the mesoporous 

ITO thin films was accomplished by overnight reaction in 5 µM 

aqueous catalyst solutions resulting in surface coverages of 

~ 2 x 10-8 mol cm-2, about ¼ of the saturation surface coverage, 

abbreviated ITO│- RuII-OH2. The kinetic measurements were 

conducted with a previously described apparatus.31 In some exper-

iments [RuII(tpy)(4,4’-(CH2-PO3H2)2-bpy)OH2]2+ was used.   

    Figure 1a shows the visible absorbance spectra of an ITO│- 

RuII-OH2 electrode recorded in pH = 1 and 5 solutions. For both 

pH values a broad metal-to-ligand charge transfer (MLCT) ab-

sorption band centred at 490 nm was obtained. A quasi-reversible 

E1/2(RuIII/II) redox wave was measured by cyclic voltammetry as a 

function of pH for the ITO anchored catalysts. As shown in Fig-

ure 1b, a Nernstian shift of 59 mV/pH was observed from pH = 5 

to 1.7 indicative of a one-electron and one proton reaction. At pH 

values below 1.7, E1/2(RuIII/II) was pH independent evincing the 

one-electron oxidation without proton involvement. Also shown 

as a solid line in Figure 1b are literature values for E1/2 

[RuIII/II(OH2/OH)(tpy)(bpy)]3+/2+ that display a small potential 

shift (< 50 mV) due to the absence of the electron withdrawing 

phosphonate groups.26,28 Superimposed on this data are pKa val-

ues of RuII-OH2 and RuIII-OH2, the formal reduction potentials for 

the aquo E0
1(RuIII/II-OH2) and the hydroxo E0

2 (RuIII/II-OH) cata-

lyst. The reduction potemtial for concerted step E0
CPET(RuIII-

OH+H+/RuIIOH2) was estimated following Saveant et al.32,33 

    The inset of Figure 1a shows transient spectra measured 20 ns 

after pulsed 532 nm laser excitation of ITO│- RuII-OH2 in pH 1 

and 5 solutions with overlaid simulations based on the RuII and 

RuIII absorbance spectra. The prompt bleach of the MLCT absorp-

tion was consistent with rapid excited state injection kinj > 108 s-1 

and the formation of an injected electron and oxidized catalyst: 

ITO(e-)│- RuIII-OH2/OH at pH 1 and 5. Transient absorption 

spectra alone did not report on the protonation state of the coordi-

nated water. For all conditions of pH or D2O, one interfacial state 

was observed transiently that recombined cleanly to ground-state 

products without evidence of permanent photochemistry. 

    Recombination of the injected electrons with the oxidized cata-

lyst was measured as a function of the applied potential, Eapp, and 

pH in a standard three-electrode cell. The recombination kinetics 

were measured over the potential range -0.1 to +0.9 V vs NHE in 

100 meV increments. As indicated in Scheme 1 the recombination 

reaction could be tuned by pH to occur without (pH < 1.7) or with 

(pH ≥ 2) proton involvement.  Figure 2 shows single-wavelength 

kinetic data on nanosecond and longer time scales for ET at pH 1 

and PCET at pH 3, respectively. 

    The transient data were not well described by a first-order ki-

netic model as it is commonly observed on oxide surfaces, so the 

reciprocal of the time required for ½ of the charge separated states 

to recombine was taken as the rate constant k1/2.23,34,35 The k1/2 

values measured at different pH values are represented as function 

of Eapp in the inset of Figure 2. We note that the conclusion drawn 

herein was insensitive to kinetic analysis utilized the time neces-

sary for the concentration to decrease to 1/e of the original value 

rather than t1/2.  For all pH values k1/2 increased with Eapp reaching 

a limiting value k1/2
max. In addition, recombination was signifi-

cantly faster at pH = 0 (data not shown) and pH =1 than under less 

acidic conditions for Eapp > 200 mV, where the PCET reactivity 

was evident. To our knowledge, such a clear differentiation of 

interfacial recombination kinetics for ET and PCET reactions has 

been demonstrated here for the first time. 

    These kinetic experiments were repeated in D2O to determine 

the kinetic isotope effect (KIE) by relating the rate constants ob-

tained in H2O kH to that in D2O kD. At pH ≥ 2, a KIE = 1.1 was 

measured, Figure S1, where at pH ≤ 1 there was no significant 

isotope effect.  

    The reduction of RuIII-OH to yield ground state products can 

occur either via concerted15,27,36,37 or stepwise13,14 mechanisms as 

(a) (b) 
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Figure 2. Absorption changes monitored at 490 nm after pulsed 

532 nm laser excitation of ITO│-RuII-OH2 as function of Eapp at 

pH 1 (top) and at pH 3 (bottom). The k1/2 values obtained at dif-

ferent pH values are shown as function of Eapp in the inset. 

shown in Scheme 1. Except for a few examples,38,39 when electron 

transfer is rate limiting, the kinetics depend on driving force.           

Likewise, when proton transfer is rate limiting, the kinetics de-

pend only on pH. Hence, the observation of both pH and bias (i.e. 

-ΔGo) dependent kinetics suggests the occurrence of CPET for 

reactions at pH ≥ 2.  We note also that KIE values for CPET reac-

tions are known to vary between 1-700.8,40–43 

    By analogy to heterogeneous ET reactions, the free energy 

dependence of the PCET kinetic data was analyzed with Marcus-

Gerischer theory, illustrated in Scheme 2, that provides a mathe-

matical framework to describe electron transfer between the elec-

tronic states of an electrode and a molecular reactant with the rate 

constant k defined as:44  

 

    The total distribution of electronic levels in the ITO electrode is 

represented by g(E) and their occupancy is controlled by Eapp 

which sets the Fermi energy, EF. Because the high carrier density 

of ITO provides metallic character, g(E) has been shown to be 

continuous with energy and ET/PCET occur isoenergetically. The 

quantity f(E, EF) is the Fermi-Dirac distribution, i.e. the probabil-

ity that a state of energy E is occupied by an electron and Hab(E) 

is the electronic coupling matrix element. The catalyst acceptor   

 

 

 

Scheme 2. A Gerischer-diagram representation of energetics 

associated with the PCET from ITO to RuIII-OH to yield 

RuIIOH2. This reaction is expected for 2  ≤  pH ≤ 5. 

 

states are represented by W(E), a Gaussian distribution of classical 

activation energies:45 

 

where ΔGo corresponds to the difference between EF and the 

standard reduction potential E0, which corresponds to ECPET
0 for 

the PCET reactions (see Figure 1b).   

    In the low-temperature limit of the Fermi-Dirac distribution and 

with the assumption that g(E) and Hab(E) are independent of the 

applied potential, Equations 1 and 2 give: 

 

 

    Marcus-Gerischer theory predicts an increase in rate constant 

with increasing -ΔGo, but because of the continuum of the elec-

tronic states in ITO, the rate constants are expected to reach a 

maximum plateau when -ΔGo
 > 2λ. This is in contrast to the in-

verted region predicted by Marcus for molecular electron transfer 

reactions.45 In addition, at the condition -ΔGo
 = λ, k is not maxim-

ized but is equal to ½ kmax as indicated in Scheme 2.  

    Plots of k/kmax (k = k1/2, kmax = k1/2
max) as function of driving 

force are shown in Figure 3a for both ET (black) and PCET 

(blue). As expected, k increases with -ΔGo until a maximum value 

is realized. Fits of the experimental data to Equation 4 give 

λET  = 0.5 eV and λPCET  = 0.9 eV. The corresponding W(E) func-

tions are shown in Figure 3b. To test generality, a derivative with 

a methylene spacer between the catalyst and the phosphonate 

binding group [RuII(tpy)(4,4’-(CH2-PO3H2)2-bpy)OH2]2+ was 

analysed in this manner to yield λET of 0.4 eV and λPCET of 0.8 eV 

(Figure S2). Prior literature reports λPCET > 1 eV in homogeneous 

solutions18,22,46–48 and ~0.7 eV for heterogeneous interfaces14. 

Theoretical predictions by Hammes-Schiffer et al.19,49 indicate an 

additional ~ 0.3 eV in reorganization for PCET relative to ET 

which is in a good agreement with the experimental value of 

0.4 eV found here.   
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Figure 3. (a) Normalized rate constants (symbols) and fit to Equa-

tion 4 (solid lines) for ET (black) and PCET (blue). Dashed red 

lines represent the condition, -ΔGo
 = λ, at which k = ½ kmax. (b) 

W(E) obtained from differentiation of the fit.  

    This study demonstrates a successful application of Marcus-

Gerischer theory to experimentally quantify the reorganization 

energy for PCET reactions. The approach requires only a trans-

parent conductor and a means to photo-initiate the PCET reaction.  

Future studies in which the PCET reactivity occurs to fully    

solvated species outside  the electric double layer are expected to 

provide first-order kinetics50 and a better understanding of how 

the oxide interface influences reorganization energies.51 For the 

reduction of RuIII-OH to RuII-OH2 reported here, a concerted 

PCET pathway was identified that required 0.4 eV higher reor-

ganization energy than did electron transfer without proton in-

volvement.  The decreased PCET recombination rates to water 

oxidation catalysts represents an important advance that indicates 

how solar water oxidation efficiencies may be enhanced at pH 

values where PCET reactivity is dominant. 
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