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Efficient photoelectrochemical Kolbe C–C
coupling at BiVO4 electrodes under visible light
irradiation†

William A. Swansborough-Aston, a Ayman Soltan,a Ben Coulson,b Andrew Pratt,b

Victor Chechik*a and Richard E. Douthwaite *a

Electrochemical Kolbe C–C coupling of carboxylic acids at Pt electrodes has been studied for over 150

years and remains relevant today because renewable electricity is envisaged to make an increasing contri-

bution to clean chemical processes and carboxylic acids are readily available precursors for chemical syn-

thesis. Traditional electrochemical Kolbe occurs typically at very high potential (>10 V) which is required

to achieve high selectivity for C–C coupling. Here we describe porous BiVO4 photoelectrodes that

mediate C–C Kolbe coupling with near quantitative faradaic efficiency under visible light irradiation at

<2 V. High substrate concentrations are also found to stabilise the double layer avoiding the need for

additional supporting electrolyte. Comparison with related literature describing photocatalytic Kolbe C–C

coupling shows that the apparent quantum yield can be raised from <1% to 12% demonstrating the distinct

advantage of using photoelectrochemistry in this system.

Introduction

There is an increasing drive to develop technologies for chemi-

cal synthesis that mitigate the use of fossil fuels and possibly

open new reaction pathways. Approaches to more renewable

chemical synthesis have seen significant advances in recent

years, including heterogeneous, electro- and photocatalytic

transformations which exploit renewable electricity and solar

energy.1–3 In general, heterogeneous catalysis offers the key

advantage of simple product separation, which has motivated

the use of solid electro- and colloidal photocatalysts.4

Photoelectrochemistry (PEC) combines aspects of electro- and

photocatalysis, comprising a photoactive semiconductor for

light absorption, application of a bias to promote electron–hole

separation and surmount overpotential, and offers the spatial

separation of redox catalytic sites.5 Efficient PEC requires optim-

ization of light absorption, the electrode–electrolyte interface,

and catalysis, which is technically very demanding. However, in

comparison to traditional dark electrochemistry, an advantage

of PEC is the generation of photoexcited states which reduce

the required bias potential to induce a reaction, and mitigates

substrate or solvent degradation observed at large applied

potentials. Furthermore, compared to colloidal photocatalysis,

applying a bias to a photoelectrode allows manipulation of

charge carrier energies enhancing electron–hole separation, and

supports the spatial separation of reduction and oxidation pro-

ducts where necessary.6,7

Photoelectrochemistry has been studied extensively for the

water splitting reaction but there is much less work targeting

organic transformations.5,8 Related processes, also sometimes

described as photoelectrochemistry, have been developed

more recently where one or both of photon absorption and

redox catalysis can occur in solution and not at an electrode.

To minimise confusion, these have been separately classified as

interfacial photoelectrochemistry and decoupled photoelectro-

chemistry, respectively.5 Interfacial photoelectrochemistry

includes direct oxidative transformations postulated to occur at

the surface of tungsten oxide (WO3) and bismuth vanadate

(BiVO4) photoelectrodes for selective C–H oxidation of alkanes

and alkenes to corresponding ketones and alkenones in both

aqueous and organic media.9,10 Additionally, a number of

studies have been carried out on the simple oxidation of alcohols

to aldehydes including for applications in biomass

valorization.9,11–15 Unbiased oxidation of N-heterocycles to cyano

derivatives have also been reported.16 Examples of late-stage func-

tionalisation and cross-coupling have also begun to emerge,

including the coupling of pyrazole to substituted arenes at hema-

tite (α-Fe2O3) photoelectrodes and amination of pharmaceutical

compounds, demonstrating the potential of synthetic interfacial

photoelectrochemistry.17 It should be noted that in all cases high

concentrations of supporting electrolytes are required to reduce

solution resistance which complicates product isolation.
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This work is focused on oxidative decarboxylation of car-

boxylic acids which is an attractive route to form carbon rad-

icals for C–C bond formation due to the ready availability of

carboxylic acid derivatives.18–23 Seminal work by Bard first

described TiO2 (anatase) photoanodes under UV illumination

with a 450 W Xe lamp for a Kolbe type C–C coupling reaction

using acetate-acetic acid mixtures in a supporting electrolyte to

generate methyl radicals to form ethane.24 More recently TiO2

photoanodes have been reported for trifluoroacetic acid de-

carboxylation under similar conditions.25 Given the prevalence

of carboxylic acids, photoelectrochemical oxidative decarboxyl-

ation could offer a useful route to C–C bonds via renewable

electricity and solar energy if the semiconductor could operate

under visible light. Carboxylic acids and associated carboxy-

lates also offer the opportunity to reduce cell resistance and

the need for additional supporting electrolyte. The comp-

lementary reductive byproduct is hydrogen which simplifies

product isolation and can allow single compartment electroly-

sis to be performed avoiding the need for more complex cell

designs that require separation of anodic and cathodic com-

partments. Furthermore, as synthetic applications of PEC con-

tinue to expand there is a need to improve our understanding

of the processes that occur at the electrode surface that control

reaction rate and selectivity.

Here, we report a study of a simple photoelectrochemical

oxidative decarboxylation of phenylacetic acid derivatives at

porous bismuth vanadate (BiVO4) photoanodes for Kolbe C–C

coupling under visible light irradiation. BiVO4 was chosen

because it is a known visible light-active material used in

photocatalysis and photoelectrochemistry and has a valence

band potential sufficiently positive to oxidize carboxylate

anions. In addition, Kolbe C–C coupling is in principle a

simple one electron oxidation reaction that has been studied

extensively using dark electrochemistry since its discovery over

150 years ago,26 supporting comparison between electro-

chemical and photoelectrochemical processes. In addition, a

wide range of aromatic and aliphatic carboxylic acids are avail-

able providing insight into substrate scope and mechanistic

information occurring at the electrode surface. We find that

near quantitative faradaic efficiencies can be achieved at low

voltage and current densities with an apparent quantum yield

of 12% for benzylic substrates, and product selectivity is maxi-

mized in the absence of supporting electrolyte. Data are

indicative of a step-wise intramolecular dissociative electron

transfer mechanism, proceeding via initial oxidation of an aryl

moiety which is in contrast to electrochemical Kolbe coupling

at Pt electrodes.

Experimental
Electrode fabrication

Electrodes were fabricated using a home-made electrospray

apparatus which deposits BiVO4 films onto a heated fluorine-

doped tin oxide (FTO) electrode. Film thickness is controlled

by deposition time. Specially, FTO glass (30 × 10 mm) was

cleaned by soaking in Piranha solution (3 : 1 H2SO4 : H2O2) for

1 h then rinsed sequentially with deionised water and ethanol

and dried under a N2 stream. Bismuth 2-ethylhexanoate

(0.5 mmol, 319.3 mg) and vanadyl acetylacetonate (0.5 mmol,

132.6 mg) were separately dissolved in 1 : 1 ethyl acetate :

dimethyl sulfoxide (50 mL). Solutions were separately pumped

through 1/16th in. i.d. PTFE tubing to a PEEK mixing chamber

and subsequently to a flat metal nozzle at a flow rate of

0.03 mL min−1. Solutions were sprayed onto FTO substrates on

a heated baseplate held at 350 °C at an applied potential of 9.5

kV between the nozzle and base plate for 30 min. Deposited

films were subsequently transferred to a muffle furnace and

annealed in air at 450 °C for 2 h to give a bright yellow film of

BiVO4.

Electrochemistry and photoelectrochemistry

All (photo)electrochemical measurements were recorded using

a Biologic SP-150 potentiostat and illumination used a com-

mercial blue, 450 nm, LED array (32 mW cm−2 irradiance at

the electrode). A BiVO4 working electrode (15 × 10 mm), Pt

counter electrode and Ag wire reference electrode isolated in a

Luggin capillary were used for electrochemical measurements

and referenced internally to ferrocene by replacing BiVO4 for a

Pt working electrode. The voltage between the working and

counter electrode was measured using a multimeter. All con-

trolled potential electrolyses were undertaken in dry degassed

acetonitrile in a single compartment cell made from a boiling

tube with an attached Luggin capillary housing for the pseudo-

reference electrode. The cell was sealed with a rubber septum

through which electrical connections could be made. An over

pressure of Ar was provided using an inflated balloon to

exclude atmospheric oxygen. Electrolyte solutions comprised

MeCN (8 mL) containing phenylacetic acid derivative, and tri-

ethylamine in concentrations as described in the manuscript.

Reaction using inert electrolyte was undertaken in the same

cell with 8 mL MeCN contained phenylacetic acid derivative

(0.4 mmol), triethylamine (0.02 mmol) and tetrabutyl-

ammonium hexafluorophosphate (TBAPF6) (0.8 mmol).

Reactions were stirred using a magnetic stir bar and purged

with N2 for 5 minutes prior to applying a voltage. The electro-

lytic cell was submerged in a water bath to maintain a constant

temperature of 25 °C.

Electrochemical impedance spectroscopy (EIS)

Were recorded using a BioLogic SP-150 potentiostat in a 3-elec-

trode, 1-compartment electrolytic cell containing a BiVO4

working electrode, a Pt wire counter electrode and an Ag wire

reference electrode isolated in a Luggin capillary. Data were

collected using an a.c. potential amplitude of 10 mV between

500 kHz–50 mHz, with 10 points per frequency decade.

Applied voltage was increased in 200 mV steps between −0.66

to 0.54 V vs. Fc/Fc+ in the dark and under illumination by a

450 nm LED array (32 mW cm−2). Mott–Schottky analysis was

recorded between −0.76 to 0.74 V vs. Fc/Fc+ in 75 mV steps.

Measurements were recorded between 100 kHz–100 mHz with

a sinus amplitude of 10 mV.
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Characterisation methods

Grazing incidence X-ray diffraction was measured using a

Rigaku SmartLab X-Ray diffractometer with a Cu Kα source.

The incident X-ray beam was held at 0.5° whilst 2θ was

scanned between 5–75° with 0.05° step size. SEM samples

(approx. 1 × 1 cm) were coated with 10 nm of Pt/Pd alloy using

a JEOL JFC High Resolution Fine Coater and Agar scientific

silver paint to reduce sample charging. Surface and cross-

section images were taken using a JSM 7800 F Prime Field

Emission Scanning Electron Microscope at an accelerating

voltage of 10 kV. XPS experiments were performed in an ultra-

high vacuum system with a base pressure of <3 × 10−10 mbar

using a monochromated Al Kα source at 1486.6 eV (Omicron

XM 1000) and a power of 220 W. An aperture diameter of

6 mm was used with the sample normal at 45° to both the

X-ray source and the entrance optics of the hemispherical

energy analyser (Omicron EA 125). XPS spectra were referenced

to adventitious carbon peak at 284.8 eV. Peak deconvolution

and fitting was carried out manually using XPSPEAK4.1 soft-

ware. Diffuse Reflectance measurements were recorded using

an Ocean Optics HR2000+ spectrometer with Mikropak

DH-2000-BAL UV-VIS-NIR light source. Spectra were recorded

and averaged over 10 scans with 5 seconds integration time.

Reference spectra were collected using a flat polystyrene stan-

dard in the dark and under illumination. NMR spectra were

recorded on a JEOL ECS 400 NMR spectrometer. The volatiles

from a reaction solution were removed under vacuum, and the

resulting solid dissolved in a saturated NaHCO3 solution

(20 mL) and extracted with CH2Cl2 (3 × 20 mL). The CH2Cl2
extracts were dried over MgSO4, filtered and volatiles removed

under vacuum. The resulting solid was then redissolved in

CDCl3 containing dimethylterephthalate (10 mg mL−1) as an

internal standard and peaks referenced to the residual CHCl3
solvent peak. GC analysis was performed on a ThermoTrace

1300 GC. For GC analysis reaction aliquots were initially

diluted 1 in 50 using 1 : 1 MeOH : CH2Cl2. GC analysis was

improved by methylating phenylacetic acid derivatives, which

was achieved by adding trimethylsilyl diazomethane (30 μL,

2.0 M in hexanes) to 1 mL of diluted solution and allowing the

solution to stand for 30 min followed by removal of volatiles

under vacuum and redissolving in 1 : 1 MeOH : CH2Cl2 (1 mL)

Product mixtures were analysed with the GC inlet held at

280 °C. Separation of products was achieved using a fused

silica capillary column (Rxi-17, 30 m × 0.25 mm I.D. × 0.25 μm

film thickness), with an oven temperature program as follows:

50 °C (0.5 min) to 90 °C at 100 °C min−1, then 300 °C (1 min)

at 15 °C min−1. A hydrogen carrier gas was used at a flow of

1.5 mL min−1. Products were detected using a flame ionisation

detector held at 330 °C.

Results
Photoelectrode synthesis and reaction optimization

BiVO4 is a well-known visible light responsive n-type semi-

conductor used extensively in photocatalysis and interfacial

photoelectrochemistry primarily for the oxygen evolution reac-

tion of water splitting.27,28 In this work photoelectrodes were

prepared by an electrostatic spray pyrolysis methodology that

allows reproducible control of film thickness and morphology

to optimize light absorption and electrode–electrolyte interface

area. Solutions of bismuth tris (2-ethylhexanoate) and vanadyl

bis(acetylacetonate) were simultaneously deposited onto a

heated FTO substrate and subsequently sintered as 450 °C for

2 h. Photoelectrode synthesis was initially optimized with

respect to maximizing the photocurrent for phenylacetic acid

oxidation under illumination with a blue LED (450 nm) as

described below. Modifying the precursor solution concen-

tration, deposition time, and substrate temperature showed

the photocurrent reduced if films became too thick or depo-

sition occurred above 400 °C. Visually the BiVO4 photoelec-

trodes are bright yellow (Fig. 1) and powder X-ray diffraction

(PXRD) is consistent with a monoclinic polymorph (Fig. S1†).

Scanning electron microscopy (SEM) (Fig. 1a and b) shows a

porous morphology with a film thickness of approximately

500 nm and macroporous features >100 nm which can support

penetration by the electrolyte. Energy dispersive X-ray spec-

troscopy (EDS) shows a slight excess of vanadium, with a Bi : V

ratio of 1 : 1.08 (Fig. S2a†). X-ray photoelectron spectroscopy

(XPS) shows signals attributable to Bi(III) and V(V) (Fig. S3–S5†)

with a surface composition deficient in bismuth (Table S3†)

which is consistent with other reports for BiVO4 materials.29

Optical properties were measured using diffuse reflectance

spectroscopy which showed a broad visible light response

<500 nm (Fig. S6†) and a band gap of 2.5 eV was determined

from Tauc plot analysis (Fig. S7†) comparable to reported

values 2.3–2.5 eV.30,31

Optimization of photoelectrochemical C–C coupling of phenyl

acetic acid

Linear sweep voltammetry (LSV) was used initially to identify

the most promising electrodes, followed by controlled poten-

tial electrolysis (CPE) and electrolyte analysis to determine the

identity and faradaic efficiency (FE) of reaction products.

Homo C–C coupling of phenyl acetic acid (PAA) (Scheme 1)

was initially targeted because the product of C–C coupling,

bibenzyl, and likely oxidation byproducts, benzaldehyde and

benzyl alcohol, are not very volatile but are amenable to GC

analysis allowing accurate FE determination. Furthermore,

Fig. 1 SEM micrographs of BiVO4 photoelectrodes. (a) Plane view with

photograph of a typical electrode, inset; and (b) cross section view.
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many PAA derivatives are readily available allowing study of

substrate effects. Photoelectrochemistry was performed in

acetonitrile and was supported by the addition of typically 0.05

equivalents of triethylamine which reduces the solution resis-

tance by in situ formation of triethylammonium carboxylate

ions. In addition, carboxylate anions typically undergo electro-

chemical oxidation at applied potentials 100’s of mV lower

than the corresponding acid32 and the ammonium ion also

supports complementary proton reduction to dihydrogen at

the cathode. Control experiments showed in the absence of

phenyl acetic acid, no significant photocurrent was observed

on illumination with a 450 nm blue LED, however above 0.1 M

photocurrent is detected from −0.3 V vs. an internal reference

of ferrocene (Fc/Fc+) (Fig. 2). Photocurrent is also commensu-

rate with evolution of CO2 at the cathode and H2 at the anode,

respectively which was confirmed using gas chromatography

analysis (Fig. S8†). Analysis of reaction electrolytes (Table 1)

showed the only products detected in significant concentration

were the product of C–C Kolbe coupling, bibenzyl, and the oxi-

dation products, benzaldehyde and benzyl alcohol. These data

are consistent with photocurrent arising from oxidative de-

carboxylation of PAA to give CO2 and a benzyl radical which

either undergoes subsequent C–C Kolbe coupling to bibenzyl

or is further oxidised to benzaldehyde and benzyl alcohol with

complementary dark electrochemical proton reduction to H2

at the cathode (Scheme 1).33 Further control experiments over

2 h also showed that below 0.25 V vs. Fc/Fc+, bibenzyl does not

exhibit further reactivity from reductive or oxidative processes

allowing a single compartment electrochemical cell to be used

for CPE experiments. In addition, throughout this study LSV of

multiple electrodes were tested showing good reproducibility

(Fig. S9†).

The photocurrent and product distributions were measured

as a function of PAA and NEt3 concentration (Table 1).

Increasing the concentration of PAA from 0.25 M to 1 M using

a 0.05 equiv. of NEt3 (Fig. 2) increases the photocurrent which

is stable, however at 2 M PAA, whilst initially the photocurrent

is greatest, photocorrosion occurs causing a steady decrease in

performance (Fig. S10†), commensurate with the known

instability of BiVO4 in strongly acidic media. Increasing the

relative concentration of NEt3 also increases the photocurrent

which plateaus at ca. 0.05 equiv. (Fig. S11†) with no loss in

photocurrent over 3 h (Fig. S12†). The FE for C–C coupling

generally increases with increasing photocurrent to 1 M PAA

from 36 to 99%, but significantly reduces at 2 M PAA due to

photocorrosion. In a further control experiment, using 1 M

PAA in the absence of light no significant current was observed

below 1.5 V vs. Fc/Fc+ but at more positive potentials dark pro-

cesses became significant (Fig S13†). Dark electrolysis at 2.5 V

vs. Fc/Fc+ for 3 h (Fig. S14†) gave bibenzyl with a variable

current of ca. 0.3 mA cm−2 and much reduced FE of 16%. The

lower rate of radical production will disfavour radical dimeriza-

tion and large positive bias will also promote secondary oxi-

dation of benzyl radical to the carbocation and subsequent

byproducts. Nonetheless, the comparison of dark and photoac-

tivated processes clearly demonstrates the advantage of photo-

electrochemistry in this system for C–C coupling.

Over a typical CPE reaction time of 3 h the photocurrent

tends to increase by ca. 5–10% (Fig. S10 and S12†). XPS after

reaction (Table S4†) shows a lower V : Bi ratio indicating

Scheme 1 Kolbe and non-Kolbe reaction pathways of phenylacetic

acid at BiVO4 photoelectrodes.

Fig. 2 Linear sweep voltammograms of BiVO4 photoelectrodes in elec-

trolytes containing 2 M (black line), 1 M (red), 0.5 M (blue), 0.25 M

(green), and 0.01 M (purple) PAA with 0.05 equiv. NEt3. Voltammograms

were recorded in the dark (dashed) and under 450 nm LED illumination

(solid). Scan rate 10 mV s−1.

Table 1 Faradaic efficiencies for Kolbe (bibenzyl) and non-Kolbe pro-

ducts (benzyl alcohol, benzaldehyde) of PAA oxidation at BiVO4

photoelectrodes

[PAA] (M) Et3N equiv. ja (mA cm−2) Chargeb (C) FEc (%)

0.25 0.05 0.3 4.4 36 : 22 : 23
0.5 0.05 0.4 5.7 39 : 24 : 21
1 0.05 1.0 16.4 89 : 8 : 4
2 0.05 0.8 13.5 59 : 17 : 9
1 0.1 1.1 17.6 99 : 2 : 1
1 0.025 0.4 6.7 90 : 4 : 3

a Average current density over 3 h at +0.09 V vs. Fc/Fc+ under 450 nm
LED illumination for a 1.5 cm2 electrode. b Integrated charge passed
over 3 h. c Faradaic efficiency for bibenzyl : benzyl alcohol :
benzaldehyde respectively based on gas chromatography analysis.
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surface loss of V possibly indicating removal of an insulating

amorphous VOx layer. The observation that lower photocur-

rents are correlated with lower FE for C–C coupling is also

reflected in the product distribution found for CPE performed

as a function of applied potential (Fig. 3a and b). As the

applied bias is increased from −0.26 to +0.26 V vs. Fc/Fc+ the

photocurrent increases from ca. 0.2 to 1.8 mA cm−2 (Fig. 2)

which is reflected in the CPE (Fig. 3a). However, at +0.26 V a

continual decrease in the photocurrent is observed, indicative

of photocorrosion and in contrast to the stable photocurrents

at lower potentials. The rate of bibenzyl production is reflective

of the increase in photocurrent at more positive potentials

again commensurate with a dimerization process, with the FE

maximised at 0.09 V, in the absence of photocorrosion

(Fig. 3b). Photostability was also examined by measuring the

FE and bibenzyl production rate by removal of electrolyte ali-

quots over 6 h at 0.09 V vs. Fc/Fc+ (Fig. 3c) indicating that the

rate of bibenzyl production and FE do not vary significantly

confirming photostability under these conditions. The voltage

across the working and counter electrode was also measured

during CPE at 0.09 V vs. Fc/Fc+ which slowly increased from

1.5 to 1.7 V over 3 h (Fig. S15†).

Photoelectrochemical characterisation

Electrochemical impedance spectroscopy (EIS) and Mott–

Schottky analysis were used to provide further insight into acid

photooxidation using BiVO4 photoelectrodes as a function of

applied potential. The equivalent circuit used to interpret EIS

data is complicated by the electrode porosity and a constant

phase element was used (Fig. 4) in place of a traditional

capacitor to account for frequency dispersions caused by the

heterogeneous surface. Impedance measurements were per-

formed using 1 M 4-Cl PAA rather than PAA because the

almost quantitative FE for this substrate (see below) simplified

interpretation of processes occurring at the electrode surface.

Photooxidation was recorded at 200 mV intervals (Fig. 4),

which showed a potential independent high frequency feature

attributed to the bulk of the BiVO4/FTO electrode and a poten-

tial dependent low frequency feature attributed to the space-

charge region of the semiconductor-electrolyte interface.

Fig. 3 (a) CPE of 1 M PAA with 0.05 equiv. Et3N at −0.26 (black), −0.08

(red), +0.09 (blue) and +0.26 V (green) vs. Fc/Fc+; (b) faradaic efficien-

cies for bibenzyl (black), benzyl alcohol (red) and benzaldehyde (blue) as

a function of electrolysis potential; (c) time-dependent bibenzyl (black)

and benzyl alcohol (red) formation at +0.09 V vs. Fc/Fc+ of 1 M PAA with

0.05 equiv. Et3N. Overall faradaic efficiency for bibenzyl is given in

green.

Fig. 4 Nyquist plot and equivalent circuit for of an illuminated (450 nm,

32 mW cm−2) BiVO4 photoanode in 1 M 4-Cl PAA with 0.05 equiv. Et3N

at −0.26 (grey circles), −0.06 (red) and 0.14 V (blue). Data were acquired

between 500 kHz–50 mHz, using an a.c. potential amplitude of 10 mV.

Simulated impedance spectra are shown by the solid lines.
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Fitting of the data (Table 2) shows that as the applied bias

increases, the circuit elements representing the surface charge

transfer resistance (RCT) and capacitance (CSC) decrease, whilst

other elements remain largely unchanged. Decreasing RCT is

consistent with the LSV data which shows an increasing

current with increasing applied potential. The validity of data

fitting is also supported by comparing the total resistance

measured experimentally by LSV and the total resistance calcu-

lated from the EIS fitting which shows a strong correlation

(Fig. S16†). The term CSC encompasses all phenomena within

the space-charge region, including contributions from the

Helmholtz capacitance and the capacitance of mid-bandgap

surface states, and a decreasing value is consistent with

depopulation of occupied Mott–Schottky analysis was used to

determine the approximate flat-band potential, EFB, and over-

potential under these conditions and to determine the donor

density, ND, (Fig. S17a†). From −0.8 to −0.2 V vs. Fc/Fc+, the

Mott–Schottky (M–S) analysis of BiVO4 electrodes shows

typical behaviour, with a decreasing surface capacitance with

applied potential and EFB estimated as −0.65 V vs. Fc/Fc+.

However, at potentials greater than −0.2 V vs. Fc/Fc+ an inver-

sion of CSC occurs which has also been observed for other

nanostructured materials such as Fe2O3 nanorod electrodes.36

It should be noted that M–S analysis relies upon several

assumptions, including a planar surface and that no other

interfacial capacitances, e.g. Helmholtz, are significant.34 In

addition high donor densities (>1023 cm−3) can affect esti-

mations of flat-band potential by decreasing the slope of the

linear region.35 Here, the donor density, ND, is estimated as ca.

1019 cm−3 (Table S7†) increasing the confidence in the

measurement of flat-band potential although the nanostruc-

turing will lead to a greater Helmholtz capacitance than is

assumed. An overpotential of approximately 350 mV can be

estimated for C–C coupling under these conditions, taken as

the difference between photocurrent onset and flat-band

potentials.17 Furthermore, ND, correlates well at all frequencies

(Table S5†), and is similar to reported values of ca. 1019 cm−3

for other BiVO4 electrodes.
37,38

Photoelectrode efficiency

Under the photoelectrochemical conditions studied (e.g.

Fig. 2), photocurrent saturation is not observed below at least

0.7 V vs. Fc/Fc+ indicating that the generation of holes at the

electrode surface is limited by electron–hole recombination at

these potentials. Variation of light irradiance between 10 and

32 mW cm−2 (Table S5†) gave an increase of photocurrent

from 1.3 to 2.1 mA cm−2 again showing that the photocurrent

is not saturated at the potentials and light intensities investi-

gated. The overall photon-product efficiency was investigated

by measuring the apparent quantum yield (AQY) at 450 nm

giving AQY = 12.0% for C–C coupling of 4-Cl PAA at 0.1 V vs.

Fc/Fc+ under 32 mw cm−2 irradiance (Table S7†). Given the

almost quantitative FE for this reaction under these con-

ditions, the AQY is limited by, and approximates to, the inci-

dent photon-to-electron conversion efficiency (IPCE). As stated

above, the LSV polarisation curves do not saturate at the

applied potentials investigated, and the IPCE and AQY are pri-

marily limited by electron–hole recombination. Based on an

irradiance of 32 mw cm−2 and a theoretical IPCE = 100%, a

maximum possible partial photocurrent density for C–C coup-

ling of ca. 12 mA cm−2 is estimated (ESI†) indicating there is

considerable scope for further optimization in this system.

Photoelectrochemical C–C coupling of other carboxylic acids

Photoelectrochemical oxidation of substituted PAA was simi-

larly undertaken at a bias of 0.09 V (Table 3 and Fig. S18, 19†).

Table 2 Parameters extracted from the fitting of impedance spectra for

an illuminated (450 nm, 32 mW cm−2) BiVO4 photoelectrode in 1 M

4-Cl-PAA electrolyte with 0.05 equiv. Et3N

V/V Rs/Ω Cbulk/μF Rct,bulk/Ω CSC/μF Rct/Ω

−0.26 53.12 0.972 8.226 380.8 280.8
−0.06 52.84 0.912 9.971 150.5 94.52
0.14 52.33 0.844 10.52 117.8 84.26

Table 3 Average current densities and faradaic efficiencies for C–C

coupling of various carboxylic acids

Entry Acid ja (mA cm−2) FEb (%)

1 1.02 89 : 6 : 4

2 1.14 97 : 0 : 0

3 0.69 73 : 13 : 11

4 1.09 92 : 7 : 6

5 0.74 84 : 9 : 7

6 0.86 88 : 7 : 5

7 0.92 0 : 18 : 43

8 0.65 0 : 10 : 24

9 1.80 99c : 0 : 0

10 1.19 99 : 0 : 0

11 0.33 0 : 8 : 31

12 0.13 0 : 14 : 0

a Average current density over 3 h at +0.09 V vs. Fc/Fc+ under illumina-
tion (450 nm, 32 mW cm−2). b Faradaic efficiency for C–C coupled
product: alcohol : aldehyde respectively based on gas chromatography
analysis. c Two diastereomers observed in 50 : 50 ratio.42
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Aromatic ring substituents including Cl, F and Me are toler-

ated giving FE of 73–97% (entries 2–6) whereas MeO led to

mainly oxidation products and no C–C coupled Kolbe product

could be detected (entries 7 and 8). For electrochemical Kolbe

of 4-MeO-PAA reported at a Pt electrode in methanol, two-elec-

tron oxidation pathways are dominant, suggesting that over-

oxidation also occurs photoelectrochemically preventing C–C

coupling.39,40 The FE and photocurrents do not show a clear

trend with respect to the steric or electronic effects of the aryl

substituents, which is similar to observations for electro-

chemical oxidations in methanol.39,41 As observed for PAA

(Table 1) lower photocurrents are also generally associated

with lower FE for C–C coupling.

Methyl substitution of the benzylic methylene moiety

(entries 9 and 10) was investigated because of the greater stabi-

lity of the putative radical intermediates reflected in the bond

dissociation energies of the analogous alkyl benzenes D°
298 (R–

H) toluene = 88.9, ethylbenzene = 86.2, and isopropylbenzene

= 86.1 kcal mol−1, respectively.43 Photoelectrolysis of 2-phenyl-

propionic acid (PPA) and 2-phenylisobutyric acid (PIBA)

(Fig. S20 and S21†) generate secondary and tertiary intermedi-

ate radicals respectively, and indeed there is an increase in the

FE of C–C coupling for both to >99%, consistent with greater

stabilisation of the substituted radicals. Both also exhibit

greater photocurrent densities of ca. 1.8 and 1.2 mA cm−2

respectively, thus generating radicals at an increased rate com-

pared to ca. 1 mA cm−2 for the other PAA derivatives studied

(Fig. S21†). The oxidation potentials of the carboxylates

derived from PAA and PIBA have been reported at a Pt elec-

trode as +1.27 and +1.07 V vs. SCE respectively,32 indicating

methyl substitution likely leads to faster oxidation as observed

here. However, it is not clear why the mono-methyl derivative,

PPA gives the greatest photocurrent, although the additional

methyl group of PIBA is likely to result in greater steric effects

and weaker adsorption to the electrode causing a reduction in

the rate of photooxidation.

Other carboxylic acids investigated were 3-phenyl propanoic

acid (entry 11) and benzoic acid (entry 12) to further probe the

scope of radical formation and C–C coupling. Both exhibit much

lower photocurrents (Fig. S22 and 23†) and no products attribu-

table to C–C coupling were detected. For benzoic acid, the puta-

tive intermediate phenyl radical is less stable than benzylic

radical,44 In addition the oxidation potential of phenyl carboxy-

late in acetonitrile at Pt has been reported as ca. 1.9 V vs. SCE45

leading to slow radical production and less probable C–C coup-

ling. Furthermore, oxidation of benzoic acid at platinum electro-

des in methanol is known to occur without decarboxylation,

resulting in esterification reactions.46 In contrast aliphatic acids

such as 3-phenyl propanoic acid typically undergo decarboxyl-

ation and exhibit C–C coupling Kolbe electrolysis with high fara-

daic efficiencies at sufficient current densities but can be prone

to isomerisation.47 Several aliphatic carboxylates have reported

oxidation potentials of ca. 1.2 V vs. SCE in acetonitrile at a

carbon electrode very similar to benzylic carboxylates,48,49

demonstrating a reactivity difference between photoelectrochem-

ical and traditional electrochemical Kolbe coupling.

Photoelectrochemical coupling in the presence of electrolyte

Comparison was also made with conditions used in prepara-

tive organic synthetic electrochemistry which is typically per-

formed in the laboratory at <15 mA cm−2 for hours on the mM

scale using a supporting inert electrolyte and various additives.

LSV of an acetonitrile solution containing 0.1 M TBAF support-

ing electrolyte in the absence of substrate showed no signifi-

cant oxidative photocurrent below 0.4 V vs. Fc/Fc+. On addition

of 0.05 M 4-Cl PAA photocurrent onset occurs at 0.2 V vs. Fc/

Fc+ (Fig. 5a) and on subsequent addition of 0.05 equiv. NEt3
the onset shifts 0.4 V to −0.2 V, approaching a plateau between

0 and 0.2 V before following a similar photocurrent profile to

the polarisation curve without Et3N. These data are consistent

with oxidation of 4-Cl PAA at more positive potentials than 0.2

V, and on addition of Et3N, deprotonation supports oxidation

of the complementary carboxylate anion above −0.2 V. In the

plateau region, photooxidation of the carboxylate anion is

limited by its concentration within the double layer at the elec-

trode surface. CPE at 0.25 V was undertaken until sufficient

Fig. 5 (a) Linear sweep voltammograms of a BiVO4 photoelectrode in

0.1 M TBAPF6 (black), 0.1 M TBAPF6 + 0.05 M 4-Cl PAA (red) and 0.1 M

TBAPF6 + 0.05 M 4-Cl PAA + 0.05 equiv. Et3N (blue) solutions under illu-

mination (450 nm, 32 mW cm−2). A scan of the full electrolyte solution

in the absence of illumination is also given (blue, dashed). Scan rate

10 mV s−1; (b) FE for Kolbe and non-Kolbe products after passage of

different equivalents of charge. Electrolyses at +0.26 V vs. Fc/Fc+ in 0.05

M 4-Cl-PAA with 0.05 equiv. Et3N and 0.1 M TBAPF6.
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charge was passed to theoretically consume all the 4-Cl PAA

substrate (Fig. S24†). The photocurrent density declined from

ca. 0.5 to 0.15 mA cm−2 over 24 h and periodic analysis of the

electrolyte showed that the FE for C–C coupling decreased

throughout the reaction from 20 to 6%, whilst oxidation pro-

ducts 4-Cl-benzyl alcohol and particularly 4-Cl-benzaldehyde

increased (Fig. 5b).

EIS and M–S analysis was also performed in 0.05 M 4-Cl

PAA and 0.1 M TBAPF6 at −0.06 V vs. Fc/Fc+ where LSV indi-

cates a rising current and absence of dark electrochemistry

(Fig. 5a). A Nyquist plot and fitting using a modified equi-

valent circuit (Fig. 6) shows a diffusional component at lower

frequencies, which is also indicated by the plateau region of

the LSV most clearly between 0 and 0.2 V (Fig. 5a). Again, two

other features in the Nyquist plot are observed at higher fre-

quencies similar to data acquired using 1 M 4-Cl PAA, attribu-

ted to the same bulk and interfacial processes. However, under

these conditions, a considerable overlap of the two features

was observed indicating more comparable timescales for bulk

and surface processes. Comparison of the fitted parameters

(Table S6†) shows significant differences compared to 1 M 4-Cl

PAA particularly for Cbulk (39.5 vs. 0.912 μF), and to a lesser

extent QSC (422.4 vs. 150.5 μF), and RCT (430.9 vs. 94.52 Ω).

These data are consistent with lower band-bending due to the

change in electrolyte which is also reflected in the more

anodic flat-band potential estimated at −1.1 V vs. Fc/Fc+, as

measured by Mott–Schottky analysis (Fig. S17b†). When com-

pared to the photocurrent onset of the LSV at ∼−0.2 V vs. Fc/

Fc+, (Fig. 5a) an approximate overpotential of 0.9 V is esti-

mated for the oxidation of 4-Cl PAA under these conditions.

The significant 0.45 V cathodic shift of Efb on reducing 4-Cl-

PAA concentration may have arisen from a non-negligible

Helmholtz capacitance in these electrolytes due to the inter-

ference of PF6
− anions on double layer formation.35

Notwithstanding the significant assumptions used in the EIS

and particularly the M–S analysis, the difference between 1.0

M and 0.05 M 4-Cl PPA clearly suggest a greater overpotential

and more sluggish electron transfer at low acid concentrations

and in the presence of supporting electrolyte.

Discussion

Here we first summarise aspects of traditional electrochemical

oxidation of carboxylic acids for Kolbe C–C coupling which

has been of interest since its discovery over 150 years ago with

mechanistic studies reported from at least the 1890′s.33,50 As

may be expected, Kolbe coupling has been shown to be depen-

dent on the carboxylic acid substrate, electrode composition

and morphology, electrolyte and the operating conditions.

Most Kolbe studies have been performed on simple aliphatic

carboxylic acids, their halogenated derivatives, and benzylic

acids as described here. Radical formation is supported by

electron-withdrawing groups at the α-position to the acid,

whereas electron-donating groups support carbocation for-

mation.49 Thermodynamically, oxidation of the intermediate

hydrocarbyl radical is much more favourable than the parent

carboxylic acid leading to competitive two electron oxidation

of the carboxylate substrate to give carbocation intermediates

which participate in non-Kolbe chemistry such as that

described by Hofer–Moest reactions to give alcohols or carbon-

aceous deposits on an electrode.40 Mechanistic studies

support a step-wise mechanism comprising initial rate-limit-

ing oxidation of carboxylate to form an acyloxy radical inter-

mediate followed by rapid elimination of CO2 to give a hydro-

carbyl radical prior to dimerisation.51,52 In addition competi-

tive solvent oxidation occurs particularly in water and alcohol

electrolytes. Therefore Kolbe C–C coupling is promoted by dis-

sociation of the initial acyloxy and/or hydrocarbyl radical from

the electrode surface to avoid secondary oxidation, and large

voltage to increase the electrode surface coverage by the

anionic carboxylate ion.53 Most mechanistic studies have been

undertaken in water and methanol solutions, and less fre-

quently in non-aqueous solvents including

acetonitrile.47,52,54,55 Platinum is by far the most common elec-

trode material followed by carbonaceous electrodes. In

general, in water and methanol solvents, alkaline salts of car-

boxylic acids undergo Kolbe C–C coupling reactions at planar

electrodes at large voltages and current density (>100 mA

cm−2) where one-electron oxidation is favoured when the elec-

trode is sufficiently polarised to rapidly adsorb a high surface

concentration of carboxylate anions.56–58 At lower current den-

sities and voltages the thermodynamically preferred water and

methanol oxidation occurs and competes with unselective sec-

ondary oxidative C–H activation of carboxylic acid substitu-

ents.56 In acetonitrile, solvent oxidation is much less competi-

tive but it is found that secondary oxidation to the carbocation

is often observed leading to non-Kolbe products52,59 including

N-acylamides which are formed from addition of the carbo-

Fig. 6 Nyquist plot and equivalent circuit for of an illuminated (450 nm,

32 mW cm−2) BiVO4 photoanode in 0.05 M 4-Cl PAA solution with 0.05

equiv. Et3N containing 0.1 M TBAPF6 supporting electrolyte at −0.06 V

vs. Fc/Fc+. Data were acquired between 500 kHz–50 mHz, using an a.c.

potential amplitude of 10 mV. Simulated impedance spectra are shown

by the solid lines.
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cation to the nucleophilic acetonitrile solvent.60 Carbocation

formation is also found to be further enhanced at porous

carbon electrodes presumably due to slower diffusion of rad-

icals within the pores.61 In contrast, oxidations at smooth

metal electrodes exhibit greater desorption of radicals also

reflecting the relative adsorption energies of radicals at metal

and carbon surfaces.41,62,63 Electrochemical studies to deter-

mine the nature of adsorption of Kolbe intermediates indicate

chemisorption of radicals to the electrode surface.33 The pres-

ence of surface bound intermediates is evidenced by using a

platinum rotating disk electrode which shows the rate of dimer

formation is independent of rotation speed.54,64 Conversely,

EPR evidence for solution-phase radicals generated by oxi-

dation of carboxylic acids on irradiation of TiO2

powders,19,65,66 showed narrow linewidths, associated with iso-

tropic tumbling of radicals in solution, although surface

bound radicals could not be excluded. Notwithstanding the

preceding observations, for significant FE of C–C coupling to

occur, clearly dimerization is required to be faster than sec-

ondary oxidation, emphasising the importance of relative rates

of electron transfer and electrode adsorption kinetics. In this

regard some carboxylate substrates support initial oxidation at

a substituent followed by rearrangement to obtain the inter-

mediate acyloxy radical that can subsequently eliminate CO2.
52

The time required for rearrangement during this intra-

molecular dissociative electron transfer (IDET) pathway has

been proposed to support radical dissociation from the elec-

trode surface therefore reducing carbocation formation.52

Considering this context of dark electrochemical Kolbe

chemistry there are several notable features of the photoelec-

trochemical system described here. Remarkably high FE’s for

Kolbe C–C coupling are observed for a range of benzylic car-

boxylic acids at low current density ca. >1 mA cm−2. In part,

this is supported by use of acetonitrile avoiding competitive

solvent oxidation but clearly the relative adsorption of carboxy-

late anions and radical intermediates is critical to the observed

selectivity to avoid secondary oxidation to carbocations.

Overoxidation to the carbocation is not observed for the PAA

substrates investigated here even within the porous environ-

ment of the BiVO4 photoelectrode showing that under the

studied conditions C–C coupling occurs faster than a second

oxidation to carbocation. This could be explained by either

relatively slow radical oxidation or fast desorption of radicals

from the BiVO4 surface. Given that radical oxidation is thermo-

dynamically easier than for the parent carboxylate, fast radical

desorption promoted by carboxylate substrate is more likely.

This is supported experimentally (Table 1) where photocurrent

correlates with acid concentration and a greater bulk acid con-

centration can drive a high carboxylate concentration within

the double layer supporting more rapid desorption of the

intermediate radical. At low acid and carboxylate concen-

tration, the radical remains adsorbed for greater time on the

photoelectrode surface supporting additional oxidation to the

carbocation, and subsequent reaction with an oxygen source

such as lattice oxide, residual oxygen or water to give alcohol

and aldehyde by-products.67,68 Quantitative XPS analysis of the

BiVO4 photoelectrode surface after electrolysis (Tables S3 and

S4†) shows relative loss of V and O, indicating lattice oxygen

may contribute to the formation of oxygenated products.18,40

With respect to substrate selectivity the photoelectrochem-

ical behaviour of PAA derivatives, benzoic and 3-phenyl propa-

noic acid (Table 3) as described above are not fully explained

by oxidation potentials or carbocation formation. A rapid sec-

ondary oxidation to a carbocation would result in a greater

photocurrent density if initial carboxylate oxidation occurred

at similar overpotential and rates for all substrates. Whilst

benzoic acid does have an oxidation potential ca. 700 mV

greater than the other substrates the lower photocurrent of

3-phenyl propanoic acid which has similar oxidation potential

to PAA derivatives suggests that initial electron transfer from

PAA derivatives to BiVO4 is much faster. Collectively, the data

suggest that PAA and its derivatives studied here are oxidized

via an IDET pathway. This mechanism is not available to other

classes of substrate such as 3-phenyl propanoic acid which did

not give either identifiable C–C or oxidation products and is

reflective of the low current regime of electrochemical Kolbe

that results in unselective substituent activation.56

We note that the few previous studies of photoelectrochem-

ical Kolbe chemistry use acetic acids and TiO2 photoanodes

which is known to bind carboxylic acids strongly via the car-

boxylate group. BiVO4 contains far fewer surface OH groups

and carboxylate binding is much weaker promoting alternative

binding modes. An IDET pathway gives additional time for dis-

sociation of the acyloxy radical prior to rapid CO2 elimination

reducing the probability of secondary oxidation to the carbo-

cation resulting in the high FE observed. Furthermore, com-

parison of the FE and photocurrent of PAA and the α-methyl-

substituted analogues PPA and PIBA show that whilst both

PPA and PIBA show near quantitative C–C coupling, mono-

α-methylation gives the greatest photocurrent (Table 2). The

data suggest that the increased steric bulk of di-α-methylation

reduces adsorption to the photoelectrode surface.

The critical role of surface adsorption is also evident in

using carboxylic acids in lower concentration in the presence

of supporting electrolytes. The photocurrent and FE of C–C

coupling decreases as the acid concentration decreases reflect-

ing the changes in the double layer where electrolyte anions

are also present. EIS and M–S analysis indicate a greater inter-

facial charge transfer resistance resulting in greater overpoten-

tial. Consequently, a lower current density is observed at com-

parable applied bias resulting in slower electron transfer and

radical formation and C–C coupling, promoting byproduct for-

mation by direct oxygenation from the surface or carbocation

formation via a second oxidation. The appearance of a diffu-

sional element in the Nyquist plot at low acid concentration

also indicates lower electrode coverage by carboxylate substrate

reducing the rate of radical desorption.

Finally, our results can also be compared to closely related

photocatalytic Kolbe processes that use powdered semi-

conductor photocatalyst. Kolbe coupling has predominantly

been investigated using TiO2 and simple aliphatic acids but

most commonly degradation of carboxylic acids occurs to a
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mixture of H2, CO2 and alkanes depending on the reaction

conditions.69–73 Reported quantum efficiencies for Kolbe coup-

ling are typically <1% due to electron hole recombination and

byproduct formation.71 Clearly PEC supports electron–hole

separation and the fabrication of a porous semiconductor elec-

trode allows more straightforward optimisation of light

absorption and semiconductor-electrolyte interface and the

double layer where photooxidation and radical dissociation

occur.

Conclusions

BiVO4 photoelectrodes can catalyse the oxidation of benzylic

carboxylic acids to give C–C coupled Kolbe products with near

quantitative faradaic efficiency and a quantum efficiency over

10%. This occurs at photocurrent densities of ca. 1 mA cm−2

in acetonitrile without the need for additional electrolyte con-

trasting traditional electrochemical Kolbe reactions at meal

and carbon electrodes. Furthermore, reaction proceeds at low

voltages with an estimated overpotential in acetonitrile of

350 mV which contrasts with traditional Kolbe electrolysis in

alcohols operating at 10’s V needed to overcome competitive

solvent oxidation. Compared to Kolbe electrolysis in aceto-

nitrile, significant carbocation formation and nitrile addition

products are not observed for photooxidation of benzylic sub-

strates. The relative adsorption energies of carboxylic acid,

acyloxy and radical intermediates at the illuminated semi-

conductor-electrolyte interface are clearly key to the observed

selectivity. Substrate scope suggests that for the photoelec-

trodes used here, adsorption and initial electron transfer may

proceed via the arene group of benzylic substrates and intra-

molecular dissociative electron transfer pathway. Furthermore,

additional electrolyte is detrimental to the rate and selectivity

of reaction suggesting that a stable double layer is a critical

feature. Collectively, interfacial photoelectrochemistry presents

an advantage in this system compared to electrolysis and

access to alternative electrode–substrate interactions compared

to a strong carboxylate–Pt interaction at high voltage. There is

clearly considerable scope to control reaction rate and selecti-

vity by modification of the semiconductor surface to differen-

tiate substrate and intermediate binding modes, and to

increase product diversity by introducing radical coupling part-

ners. Further nanostructuring can also improve light collection

and electron–hole separation which currently limit the

quantum efficiency. Ultimately, even with improved efficien-

cies, the need for scale-up will require overcoming additional

engineering challenges including, but not limited to, reactor

design product separation in a batch or flow photoelectro-

chemical system.
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