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We recently reported the catalytic generation of hydrogen from water mediated through the in situ

reduction of the molybdenum(IV)–oxo complex [(PY5Me2)MoO]2+ (1; PY5Me2 ¼ 2,6-bis(1,1-bis(2-

pyridyl)ethyl)pyridine) at a mercury electrode. To gain further insight into this unique molecular

motif for hydrogen production, we have now examined the competence of this complex for the

catalytic reduction of protons on an alternative electrode material. Herein, we demonstrate the

ability of the molybdenum–oxo complex 1 to reduce protons at a glassy carbon electrode in acidic

organic media, where the active catalyst is shown to be diffusing freely in solution. Cyclic and

rotating disk voltammetry experiments reveal that three reductive electrochemical processes precede

the catalytic generation of hydrogen, which occurs at potentials more negative than �1.25 V vs.

SHE. Gas chromatographic analysis of the bulk electrolysis cell headspace confirms that hydrogen is

generated at a Faradaic efficiency of 99%. Under pseudo-first order conditions with an acid-to-

catalyst ratio of >290, a rate constant of 385 s�1 is calculated for the reduction of acetic acid in

acetonitrile. Taken together, these data show that metal–oxo complex 1 is a competent molecular

motif for catalytic generation of hydrogen from protons under soluble and diffusion-limited

conditions.
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Broader context

The catalytic production of hydrogen from renewable resources

sustainable alternative fuels. In this context we recently reported a n

from neutral water using a high-valent molybdenum(IV)–oxo comp

report the investigation of this metal–oxo catalyst for hydrogen pr

electrode using acetic acid as a proton source in acetonitrile s

measurements show that three reductive processes precede cataly

transfer. Moreover, [(PY5Me2)MoO]2+ exhibits high stability and ca

a rate constant of 385 s�1 under pseudo-first order conditions. Ta

molecular platform for proton reduction.
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Introduction

As concerns over the depletion of fossil fuels and the accumu-

lation of their combustion byproducts escalate, the search for

sustainable, economically viable energy sources have become an

area of intense research. In particular, electro- and photo-cata-

lytic methods for generating hydrogen and oxygen from water

have been explored as cost-effective ways of producing a carbon-

neutral fuel. While precious metals show high catalytic activity

for the electro-1–3 and photo-chemical4–9 reduction of protons,

their high cost and low terrestrial abundance make them

unattractive for large-scale, distributed energy storage. Less
such as water has garnered heavy interest in the search for

ew type of molecular motif for electrocatalytic generation of H2

lex supported by the pentadentate ligand PY5Me2. Herein, we

oduction under diffusion-limited conditions at a glassy carbon

olution. Interestingly, cyclic and rotating disc voltammetry

tic H2 evolution and involve associated proton and electron

talyzes hydrogen evolution at a Faradaic efficiency of 99% with

ken together, our findings lend new insights into this unique

This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Plot of the peak current versus the scan rate for the anodic wave

of the second reduction at �0.74 V vs. SHE for 0.33 mM 1(PF6)2 in

a 0.6 M pH 7 phosphate buffer solution obtained on a Hg drop electrode

at scan rates ranging from 0.2 V s�1 to 6.5 V s�1. The linear fit (y ¼ 1.19�
10�3x, R2 ¼ 0.996) indicates that the reduced species is adsorbed on the

Hg electrode.
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expensive heterogeneous catalysts displaying comparable

activity have also been reported,10–18 and their continued study

promises to be an important area in sustainable energy research.

The potential for fine-tuning the electronic structure of mole-

cules to optimize catalytic transformations using standard solu-

tion-based synthetic methods has also led to heavy interest in

designing molecular species as catalysts for generating hydrogen

and oxygen.19–29 Advances in the area of hydrogen generation

have afforded molecular catalysts that operate at moderate to

low overpotentials for the reduction of protons in organic media

with high rates and lifetimes.27,30–50 The large-scale, sustainable

production of hydrogen requires catalysts that function in or

tolerate water as a solvent, and several examples of molecular

catalysts that operate in acidic and neutral water have been

reported.15,27,30,31,39,44–47,50–54 Whereas many speculative catalytic

cycles involve protonation at a low-valent metal center,

protonation at a ligand has been explored as an alternative

strategy towards providing a highly nucleophilic site for proton

reduction,14,41,50,55 potentially allowing for the development of

more water-tolerant complexes.

We have initiated a program aimed at utilizing pyridine-based

platforms for energy catalysis43,45,47,50,56 and recently reported the

electrochemical reduction of a molybdenum(IV)–oxo complex,

[(PY5Me2)MoO](PF6)2 (1(PF6)2; PY5Me2 ¼ 2,6-bis(1,1-bis(2-

pyridyl)ethyl)pyridine), in water, which led to a rapid catalytic

cycle for the cleavage of water at neutral pH to generate

hydrogen under ambient conditions.43 We speculated that

reduction of 1 could render the oxo ligand more nucleophilic,

where the added electrons occupied orbitals with antibonding

character with respect to the metal–oxo bond.57 Sequential

proton-coupled reductions of 1 could then generate a seven-

coordinate Mo(H)(OH) species poised for intramolecular H2

elimination.43,58 While 1 showed high activity and stability for

water reduction, its significant overpotential (ca. 0.6 V) required

the use of a mercury electrode to reduce background contribu-

tions to the measured hydrogen evolution current.59 Cyclic vol-

tammograms obtained with a Hg drop electrode (A z 11.6 �
10�3 cm2) of 1(PF6)2 in a 0.6 M pH 7 phosphate buffer solution at

scan rates ranging from 0.2 to 6.5 V s�1 show two quasi-reversible

redox couples at E1/2 ¼ �0.49 V and �0.77 V vs. SHE before the

onset of the catalytic current at ca. �0.88 V vs. SHE. The scan

rate dependence of the peak current of the second redox event

shows a linear relation for the current response to changes in scan

rate (Fig. 1), revealing that the molybdenum complex is adsorbed

to the Hg surface.

While the eventual utilization of a molecular proton reduction

catalyst as a component of an electrochemical or photochemical

water splitting device will likely require its immobilization on

a surface, adsorption on Hg complicates the characterization of

the catalytically active species. We therefore sought to identify

conditions under which 1 is competent for catalytic hydrogen

evolution without being adsorbed on the electrode. In order to

evaluate the catalytic performance of 1 using a carbon electrode,

we chose acetic acid as an inexpensive organic proton source with

which to study the kinetics of hydrogen evolution in organic

media. In this report, we present data showing that metal–oxo

complex 1 is a competent molecular electrocatalyst for the

reduction of protons to hydrogen under soluble and diffusion-

limited conditions.
This journal is ª The Royal Society of Chemistry 2012
Experimental section

General

The compound [(PY5Me2)MoO](CF3SO3)2 (1(CF3SO3)2) was

synthesized as previously reported.43 Glacial acetic acid (ACS

grade, VWR), acetonitrile (HPLC grade, VWR), and tetrabu-

tylammonium hexafluorophosphate (>99.0%, Sigma-Aldrich)

were used without further purification. Tetrabutylammonium

benzoate (>99.0%, Sigma-Aldrich) was stored under a N2

atmosphere and used without further purification. Benzoic acid

(>99.5%, Sigma-Aldrich) was dried by heating at 100 �C at

250 mTorr for 12 h and stored under a N2 atmosphere.

Cyclic and rotating disk electrode voltammetry

Non-aqueous electrochemical experiments were conducted

under a N2 atmosphere in a 0.1 M (Bu4N)PF6 acetonitrile solu-

tion at ambient temperature. Voltammetry and controlled-

potential electrolysis experiments were carried out using a BASi

Epsilon potentiostat. Rotating disk electrode voltammetry

experiments were conducted with a BASi RDE-2 cell stand. All

voltammetry experiments used a glassy carbon disk working

electrode (3.0 mm diameter; 0.07 cm2) and a platinum wire

counter electrode. A silver wire in a glass tube with a porous

Vycor tip filled with a 0.1 M (Bu4N)PF6 acetonitrile solution

served as a pseudo-reference electrode. All potentials were

referenced against the ferrocene/ferrocenium couple (Fc/Fc+) as

an internal standard and converted to SHE by adding 0.640 V to

the measured potentials.60,61 All electrochemical measurements

were conducted without iR compensation. In all cases, cyclic

voltammetry sweeps were recorded in quiescent solution and

were initiated at the rest potential.

Chronoamperometry experiments

Potential step experiments were conducted at a rotating disk

electrode at 400 rpm in the presence of 0.35 mM of 1(CF3SO3)2
and 5.2 mM of acetic acid in a 0.1 M (Bu4N)PF6 acetonitrile

solution. The potential was stepped from 0 V to the indicated

potential in Fig. S5‡. The time (s) required for the current to
Energy Environ. Sci., 2012, 5, 7762–7770 | 7763
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decay to within 1% of the steady-state current after a potential

step is given by:59

us

�
D

n

�1=3
ð0:51Þ2=3 $ 1:3

whereD is the diffusion coefficient, n is the kinematic viscosity of

the electrolyte solution (approximated as that of pure acetoni-

trile), and u is the rotation rate. Here, D is 7.9 � 10�5 cm2 s�1

(vide infra), n is 0.004536 cm2 s�1, u is 41.9 s�1, and s$ 0.19 s. The

current (blue circles) plotted in Fig. S5‡ was taken at s ¼ 2.5 s.
Controlled-potential electrolysis and gas chromatographic

analysis

Controlled-potential electrolysis was conducted using a custom-

made air-tight glass double compartment cell separated by

a glass frit. The working compartment was fitted with a glassy

carbon rod working electrode (2.5 mm diameter, 2 cm length)

and a Ag/AgNO3 reference electrode. The auxiliary compart-

ment was fitted with a Pt gauze electrode. The working

compartment was filled with 50 mL of 35 mM acetic acid in a 0.1

M (Bu4N)PF6 acetonitrile solution, while the auxiliary

compartment was filled with 70 mL of 0.1 M (Bu4N)PF6 aceto-

nitrile solution, resulting in equal solution levels in both

compartments. Solution diffusion across the glass frit was slow

under static pressure. Both compartments were sparged for 15

min with N2 and cyclic voltammograms were recorded as

controls. Catalyst 1(CF3SO3)2 (0.1 mM) was then added and

a cyclic voltammogram was recorded. Electrolysis was conducted

for 1 h and the headspace was subjected to gas chromatographic

analysis. An Agilent 490-GC Micro-Gas Chromatograph with

a molecular sieve column and heated syringe injector was used

for product detection. The column was heated to 80 �C under Ar

gas flow and an average sample volume of 200 nL was injected

onto the column. The integrated area of the H2 peak was

compared to a calibration curve (vide infra) to calculate the moles

of H2 generated. To determine the Faradaic efficiency, this value

was divided by the theoretical yield of hydrogen expected based

on the charge passed over the course of the experiment.

Calibration. Using the double-compartment cell described above,

the working compartment was filled with 50 mL of 35 mM acetic

acid in a 0.1 M (Bu4N)PF6 acetonitrile solution, while the auxil-

iary compartment was filled with 70 mL of a 0.1 M (Bu4N)PF6

acetonitrile solution. Both compartments were sparged thor-

oughly with N2 and sealed. A 5 mL aliquot of the headspace was

removed and replacedwith 5mLofCH4.Aliquots of 0.5, 1, 2, and

3mLofH2were introduced to the headspace and the solutionwas

allowed to stir for at least 30 min. A sample of the headspace was

injected into the gas chromatograph and the ratio of CH4 and H2

was taken as points on a calibration curve (Fig. S7‡).
Fig. 2 Cyclic voltammograms of 0.5 mM 1(CF3SO3)2 in a 0.1 M of

(Bu4N)PF6 acetonitrile solution with 0 mM (black), 0.25 mM (blue, 0.5

equiv.), and 0.5 mM (red, 1 equiv.) of acetic acid at a glassy carbon disc

electrode and a scan rate of 0.1 V s�1. In the presence of a proton source,

all three reductive processes are reversible and diffusion-limited.
Results and discussion

Cyclic voltammetry studies

In acetonitrile solution at a glassy carbon electrode, the molyb-

denum(IV)–oxo complex displays a rich reductive electrochem-

istry without adsorbing to the electrode surface. As reported
7764 | Energy Environ. Sci., 2012, 5, 7762–7770
previously,43 the cyclic voltammogram of 0.7 mM 1(CF3SO3)2
in a 0.1 M (Bu4N)PF6 acetonitrile solution at a glassy carbon

disk electrode, at a scan rate of 0.1 V s�1, shows reversible

[(PY5Me2)MoO]2+/1+ and [(PY5Me2)MoO]2+/3+ redox couples at

E1/2 ¼ �0.84 and 1.41 V vs. SHE, respectively. Scanning to

cathodic potentials beyond the first reversible reduction

reveals an irreversible redox event at a cathodic peak potential of

Ep,c ¼ �1.24 V followed by a reversible couple at E1/2 ¼ �1.55 V

vs. SHE.

Since reduction of the Mo center is expected to increase the

basicity of the oxo ligand, we hypothesized that the irreversibility

of the second wave may be due to inefficient proton transfer. To

examine this hypothesis, cyclic voltammograms were collected in

the presence of stoichiometric and substoichiometric amounts of

acid. A cyclic voltammogram of 0.5 mM 1(CF3SO3)2 in the

presence of 0.25 mM of acetic acid (0.5 equiv.) shows growth of

two new reversible reductive events at E1/2 ¼ �0.73 and �1.08 V

vs. SHE, with concomitant attenuation of the reductive events at

E1/2¼�0.84 and Ep,c ¼�1.24 V vs. SHE (Fig. 2). In the presence

of one equivalent of acetic acid, the cyclic voltammogram of

1(CF3SO3)2 displays three reversible reductive processes at

E1/2 ¼ �0.73, �1.08, and �1.55 V vs. SHE, all of which are

diffusion-limited, as evidenced by their square root dependence

on the scan rate (Fig. 3). Thus, we postulate that in the absence of

acid, the second reduction event is accompanied by adventitious

protonation from trace water or acidic functionality on the glassy

carbon surface. This would result in sluggish back proton

transfer kinetics that would inhibit the return oxidation reaction

and give rise to an irreversible wave. In contrast, in the presence

of submillimolar concentrations of acid, both forward and

reverse proton transfers are rapid, resulting in three reversible

redox waves. The diffusion-limited nature of these waves

contrasts with what is observed for the compound in water on

a mercury cathode, where reduction leads to adsorption on the

electrode surface before the onset of catalytic hydrogen evolution

(Fig. 1).29

Catalytic hydrogen production can also be achieved with the

molybdenum(IV)–oxo complex in acetonitrile by supplying an

excess of organic acid as a proton source. Addition of 50 equiv.

of acetic acid (35 mM) to a solution containing 0.7 mM
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 (a) Cyclic voltammograms of 0.5 mM 1(CF3SO3)2 in a 0.1M (Bu4N)PF6 acetonitrile solution in the presence of one equivalent of acetic acid, and

plots of the current versus the square root of the scan rate for the (b) first (red, R2 ¼ 1.00), (c) second (blue, R2 ¼ 0.999), and (d) third (green, R2 ¼ 0.994)

reductions at a glassy carbon disc electrode for scan rates from 0.025 to 3.03 V s�1. The linear fits to the data indicate that the reduced species are freely

diffusing in solution at all potentials in the presence of a proton source.
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1(CF3SO3)2 leads to a positive shift in the reduction potentials,

with the first redox couple occurring at E1/2 ¼ �0.57 V followed

by a reduction event at E1/2 ¼ �0.80 V vs. SHE (Fig. 4). As

shown in Fig. 5, the magnitude of the positive shift varies as

a function of acid strength with the most positive shifts occurring

with stronger acids, suggesting protonation is associated with

electron transfer. The proton-coupled nature of these reduction

events is further substantiated by cyclic voltammograms of

0.5 mM 1(CF3SO3)2 with varying ratios of benzoic acid and
Fig. 4 Cyclic voltammograms of 0.7 mM 1(CF3SO3)2 in a 0.1 M (Bu4N)

PF6 acetonitrile solution at a glassy carbon disk electrode at a scan rate of

0.1 V s�1 in the absence (black line) and presence (blue and red lines) of 35

mM acetic acid. Blue and red lines indicate initial and subsequent scans,

respectively.

This journal is ª The Royal Society of Chemistry 2012
tetrabutylammonium benzoate. Relative to a 1 : 1 ratio of ben-

zoic acid to tetrabutylammonium benzoate, the first and second

reduction events shift by 90 mV and 56 mV, respectively, in the

presence of a 10 : 1 ratio of benzoic acid to tetrabutylammonium

benzoate (Fig. S1‡), though further studies are necessary to

determine the cause of these shifts.
Fig. 5 Cyclic voltammograms of 0.5 mM 1(CF3SO3)2 in a 0.1 M of

(Bu4N)PF6 acetonitrile solution with 35 mM benzoic acid (red, pKa 20.7),

acetic acid (black, pKa 22.3) and phenol (blue, pKa 27.2) at a glassy

carbon disc electrode and a scan rate of 0.1 V s�1. The stronger acids lead

to a more positive shift in the two precatalytic reduction potentials,

suggesting protonation is coupled with electron transfer. Reported pKa

values in acetonitrile were obtained from ref. 61.

Energy Environ. Sci., 2012, 5, 7762–7770 | 7765
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Fig. 7 Charge build-up versus time for 0.1 mM 1(CF3SO3)2 in a 0.1 M

(Bu4N)PF6 acetonitrile solution and 17 mM of acetic acid at a glassy

carbon rod electrode operating at a potential of �1.6 V vs. SHE for 1 h.

Background activity of direct proton reduction at the electrode has been

subtracted from the data.
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In the presence of excess acetic acid, scanning more negative

than the second reduction event results in a sharp increase in

current, indicative of catalytic proton reduction with an onset

potential of �1.25 V vs. SHE. This catalytic current peaks at

Ep ¼ �1.60 V vs. SHE, with half the maximum current attained

at a potential of Ep,½ ¼ �1.40 V. Evans61 and Artero62 reported

the thermodynamic potential (E�) for the reduction of acetic acid

in acetonitrile as �0.82 and �0.59 V vs. SHE, respectively. As

such, the Ep,½ of �1.40 V for the reduction of acetic acid by

1(CF3SO3)2 yields an overpotential of 580 and 810 mV based on

these two studies, respectively.61,62 For comparison, direct

reduction of 35 mM acetic acid in a 0.1M (Bu4N)PF6 acetonitrile

solution at a glassy carbon disk electrode occurs at an onset

potential of ca. �1.50 V with Ep ¼ �2.00 V and Ep,½ ¼ �1.73 V

vs. SHE (Fig. S2‡). Further additions of acid to a solution con-

taining 0.7 mM 1(CF3SO3)2 lead to higher current enhancements

and a positive shift of the onset potential (Fig. 6). Plots of the

peak currents for the two precatalytic waves as well as for the

catalytic current versus the square root of the scan rate show

linear relationships, indicating that the redox-active species are

freely diffusing in solution (Fig. S3‡). The catalytic nature of the

peak at�1.60 V vs. SHE is established by passing ca. 25 equiv. of

charge during a controlled-potential electrolysis conducted in

a double-compartment cell, where the potential is held at �1.6 V

vs. SHE for 1 h (Fig. 7 and S4‡). Analysis of the electrolysis cell

headspace by gas chromatography confirms the production of

hydrogen with a Faradaic efficiency of 99%.

After establishing that 1 can catalytically reduce protons in

acidic organic media, we turned our attention to the kinetics of

this process. Using the method described by DuBois and co-

workers,46,63 the following equation allows us to determine the

observed rate constant for catalytic turnover under conditions of

negligible acid consumption over the course of the CV sweep.

ic

ip
¼ n

0:4463

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RTkobs

Fv

r
(1)

Here, ip is the peak current of the third reduction in the absence

of acid, ic is the catalytic peak current plateau, n is the number of

electrons involved in each catalytic turnover (n ¼ 2), R is the

universal gas constant (8.314 J K�1 mol�1), T is temperature (K),

F is the Faraday constant (96 485 A s mol�1), n is the scan rate
Fig. 6 Cyclic voltammograms of 0.5 mM 1(CF3SO3)2 in a 0.1 M (Bu4N)

PF6 acetonitrile solution obtained at a glassy carbon disk electrode at

a scan rate of 0.1 V s�1 in the presence of 0 (black line), 35 mM (blue), 70

mM (green), and 105 mM (red) acetic acid.

7766 | Energy Environ. Sci., 2012, 5, 7762–7770
(0.05 V s�1), and kobs is the observed rate constant (s�1).

Importantly, the above equation is accurate in the limit of

negligible acid consumption. Under such conditions, the CV

waveform is expected to exhibit an S-shaped catalytic wave with

a well-defined plateau and overlapping forward and reverse

scans. In our system, even at very high acid concentrations

relative to catalyst (excess factor >290), we observe peak-shaped

catalytic waves displaying appreciable current hysteresis between

forward and return scans. This behavior is indicative of signifi-

cant substrate consumption over the course of the CV scan.

Notwithstanding, we utilize eqn (2) to extract lower limit esti-

mates of kobs at high acid concentration and acknowledge that

future studies are necessary to derive an accurate electrochemical

rate law for hydrogen evolution. After subtracting the current

from the direct reduction of protons at the glassy carbon elec-

trode, a plot of ic/ip against acid concentration (Fig. 8) exhibits
Fig. 8 A plot of ic/ip versus the concentration of acetic acid taken at

0.050 V s�1 for 0.35 mM 1(CF3SO3)2 in a 0.1 M (Bu4N)PF6 acetonitrile

solution. At low acid concentrations, ic/ip varies linearly against the

concentration of acetic acid; however, ic/ip exhibits plateau-like behavior

at high acid concentration (>0.1 M). The rate constant is determined at

this acid-independent region to be 385 s�1, according to eqn (2). Current

from direct reduction of acetic acid at the glassy carbon electrode has

been subtracted from the data and the catalytic peak current plateau, ic,

was taken at the catalytic peak current as an approximation in our

calculations.

This journal is ª The Royal Society of Chemistry 2012
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two regions. At acid concentrations below 0.1 M, ic/ip varies

linearly with the acid concentration. However, at acid concen-

trations above 0.l M, ic/ip becomes independent of the acid

concentration. Using the average ic/ip value observed in the acid-

independent region, we estimate a kobs of 385 s�1.
Rotating disk electrode voltammetry (RDEV) studies

A rotating disk electrode is utilized to probe the hydrodynamics

of the system. Rotating the electrode at a fixed rate, u (rpm),

transports the dissolved catalyst in the bulk solution to the

electrode at a fixed rate, creating a steady-state concentration

profile and therefore a steady-state current at the electrode

surface. Fig. 9a shows the steady-state RDE voltammograms of

1(CF3SO3)2 obtained for different rotation rates at a scan rate of

0.025 V s�1 and exhibits three current plateaus indicative of three

distinct electrochemical reductions. Similar to the cyclic vol-

tammetry results, the addition of 50 equiv. of acetic acid (17 mM)

generates two current plateaus, followed by a sharp increase in

the current response which levels at a value approximately 10

times higher than the steady state current obtained from the

catalyst alone at the same potential of �1.6 V vs. SHE. Half of

the steady state current is achieved at a potential of �1.4 V vs.
Fig. 9 (a) RDE voltammograms of 0.36 mM 1(CF3SO3)2 in a 0.1 M

(Bu4N)PF6 acetonitrile solution with rotation rates of 100 (black), 400

(orange), 800 (green), 1600 (yellow), 2400 (blue), and 3600 rpm (red) and

a scan rate of 0.025 V s�1. (b) Levich plot of the current density at �1.8 V

versus the square root of the rotation rate in the absence (red circles) and

in the presence (blue circles) of 17 mM acetic acid. Linear fits to the data

(black lines) show that the current density is diffusion-limited for all

rotation rates in the absence of acid (y ¼ 0.0998x, R2 ¼ 1.000), and

for rotation rates below ca. 1600 rpm in the presence of acid (y ¼ 1.06x,

R2 ¼ 0.989).

This journal is ª The Royal Society of Chemistry 2012
SHE, yielding an overpotential of 580 mV and 810 mV,

depending on the E� value for hydrogen evolution (vide supra),

for the reduction of 35 mM acetic acid.62 The RDE voltammo-

gram is also consistent with three electrochemical reductions

preceding the catalytic generation of hydrogen. The variation of

the steady state current as a function of the rotation rate, given

by the Levich relation, shown below in eqn (3), is used to

calculate the diffusion coefficient, D, for 1 in the electrolyte

solution (Fig. 9b).

JL ¼ 0:62nFD2=3½1�u1=2

n1=6
(2)

In the absence of acid, the Levich plot of the current density

(JL) at approximately �1.8 V vs. SHE varies linearly as a func-

tion of u1/2. A linear fit through the origin gives a slope of 1.34 �
10�4 A s1/2 (R2 ¼ 1.00). Assuming that the kinematic viscosity (n)

of the electrolyte solution is the same as that of pure acetonitrile

(0.00435 cm2 s�1), and using n ¼ 1 as the number of electrons

transferred in the third reduction event, a diffusion coefficient of

D ¼ 7.9 � 10�5 cm2 s�1 is calculated. Upon addition of 50 equiv.

of acetic acid, the Levich plot deviates from linearity at rotation

rates greater than 1600 rpm, suggesting the onset of kinetic

limitations.64
Potential-dependent ‘‘apparent rate’’ of hydrogen production

In order to evaluate the performance of 1 for producing

hydrogen from acetic acid at various overpotentials and to

provide a point of reference for comparison with other molecular

proton reduction catalysts that use the same acid source, we use

a recently described method65–70 to determine apparent rates of

proton reduction, defined as the number of turnovers the catalyst

performs during the period it is at the electrode surface. This

method normalizes for the diffusion of the molecular catalyst to

the electrode surface at a particular rotation rate by dividing the

catalytic current by the current generated by the catalyst alone at

the same potential.

To confirm that the conditions used in the RDEV experiments

create steady-state currents, chronoamperometry experiments

are performed using the rotating disk electrode of a 0.1M (Bu4N)

PF6 acetonitrile solution containing 1(CF3SO3)2 (0.34 mM) and

excess acetic acid (5.2 mM). Here, potential steps from 0 to

potentials ranging from �0.29 to �2.09 V vs. SHE are measured

at a rotation rate of 400 rpm. Upon application of a potential

step, the current–time profile decays to within 1% of the steady-

state current at time, s $ 0.19 s.59 As shown in Fig. S5‡, the

steady-state current obtained through the application of poten-

tial steps matches the steady-state current determined through

RDEV performed at the same scan rate, rotation rate, and

concentrations of 1(CF3SO3)2 and acetic acid. This result

confirms that a rotation rate of 400 rpm is sufficient for obtaining

a steady state current under these conditions.

We next evaluated the parameter napp(E), defined as the

apparent number of electrons delivered from the catalyst to the

substrate, at a specific applied potential and rotation rate, during

the time period that the molecular catalyst is at the electrode.59,70

At a given potential where proton reduction catalysis occurs, and

at a fixed rotation rate where steady-state current is achieved,

napp(E) is defined as:
Energy Environ. Sci., 2012, 5, 7762–7770 | 7767

http://dx.doi.org/10.1039/c2ee21519e


Pu
bl

is
he

d 
on

 1
9 

A
pr

il 
20

12
. D

ow
nl

oa
de

d 
by

 S
ta

nf
or

d 
U

ni
ve

rs
ity

 o
n 

12
/0

5/
20

16
 0

0:
22

:5
3.

 
View Article Online
nappðEÞ ¼ nJcðEÞ
Jp

(3)

Here, n is the number of electrons involved in the reduction of 1

in the absence of acid (n¼ 1), Jc(E) is the catalytic current density

at potential E, and Jp is the current density generated by 1 in the

absence of acid at �1.6 V vs. SHE. The values for napp at various

potentials are shown in Fig. 10a. At potentials where contribu-

tions from direct reduction of acetic acid at the glassy carbon

electrode are observed (potentials more negative than �1.5 V vs.

SHE), the background current is subtracted from the data. We

note that this procedure gives a lower bound for napp at these

potentials, because the current generated by direct reduction of

protons at the electrode is not limited by the diffusion of

a molecular catalyst to the electrode surface. Similar to the

results found in the kinetic studies using cyclic voltammetry, napp
is independent of acid concentration above ca. 0.1 M and

exhibits plateau-like behavior (Fig. 10b). In this acid-indepen-

dent region and at an applied potential of�1.6 V vs. SHE, napp is

approximately 16. To convert from the ‘‘apparent number of
Fig. 10 (a) The apparent rate of electron delivery, napp, for 0.35 mM

1(CF3SO3)2 in a 0.1 M (Bu4N)PF6 acetonitrile solution in the presence of

5.2 mM (black), 17 mM (blue), 35 mM (green), 52 mM (orange), 70 mM

(purple), 87 mM (yellow), 105 mM (red), 140 mM (olive), and 157 mM

(magenta) of acetic acid, at a scan rate of 0.025 V s�1 and a rotation rate

of 400 rpm, at a glassy carbon disk electrode. The dotted vertical line

at �0.59 V vs. SHE indicates the thermodynamic potential for the

reduction of acetic acid to H2 in acetonitrile.62 (b) napp plotted against

concentration of acid. At acid concentrations above 0.1 M, napp is

independent of acid concentration and exhibits plateau-like behavior.

Current from direct reduction of acetic acid at the glassy carbon electrode

has been subtracted from the data.

7768 | Energy Environ. Sci., 2012, 5, 7762–7770
electrons’’ to an ‘‘apparent turnover rate’’ (TOR) defined as the

number of H2 molecules produced by the catalyst during the time

period it is at the electrode, the Faradaic efficiency of the catalyst

(determined through bulk electrolysis) is taken into account as

shown in the following equation:

TOR ¼ nappðEÞ
ncat

f (4)

Here, f describes the Faradaic efficiency at �1.6 V, and ncat is the

number of electrons required to produce a molecule of hydrogen

(ncat ¼ 2) (Fig. S6‡). This analysis gives an apparent TOR of ca.

8 s�1 at an applied potential of �1.6 V vs. SHE and at acid

concentrations above 0.1 M. We note that, as discussed previ-

ously,70 napp and the TOR are not true kinetic measurements but

only reference values for comparison with other molecular

catalysts that reduce acetic acid to hydrogen under identical

conditions.

The direct comparison of molecular catalysts for proton

reduction remains a challenge, because the activities for different

catalysts have usually been assessed under very different condi-

tions. In organic media, acids are typically chosen such that the

thermodynamic potential for acid reduction is close to the Ep,½

of the catalytic current (the potential where the catalytic current

reaches half its maximum value), resulting in a low overpotential

for proton reduction with respect to the specific acid chosen in

the study.61,62 Low overpotentials have been achieved for cata-

lytic nickel24,25,27,46,71 and cobalt complexes,72 using acids such as

triflic,71 triethylammonium chloride,35 trifluoroacetic45,73 and

p-toluenesulfonic acid.38 Restricting the discussion to catalysts

evaluated under similar conditions, (i.e., under sufficiently high

acid concentrations where the catalytic current is independent of

the acid concentration), DuBois and co-workers have reported

a series of Ni bis(diphosphine) complexes that utilize the

secondary coordination sphere to enhance the reduction of

organic acids to H2 in acetonitrile.24,25,27,46 Using protonated

dimethylformamide and anilinium salts in acetonitrile with small

amounts of water, Ni bis(diphospine) complexes containing

pendant amines as proton relays can generate H2 with turnover

frequencies ranging from 15 s�1 to 106 000 s�1 with over-

potentials from 220 mV to 625 mV,27,46 based on E� values

reported by Evans.61 Mo–S dimers and oxothiomolybdenum

wheel-shaped clusters can reduce a range of organic acids with

overpotentials of �100 mV and a rate constant of �1.5 s�1.41,55

While the overpotential for proton reduction by 1 is significant

(580 mV61 or 810 mV,62 depending on the E� value employed),

a rate constant of 385 s�1 is observed with acetic acid, an inex-

pensive acid currently produced industrially on a large scale.74

More importantly, these data show that successive reductions

and protonations of a metal–oxo complex generate a catalyst

competent for hydrogen evolution in acidic organic media and

provide a baseline for systematic improvements.
Conclusions

Voltammetry and controlled-potential electrolysis studies using

carbon electrodes show that the electrochemical reduction of the

molecular molybdenum–oxo complex, [(PY5Me2)MoO]2+, forms

a competent catalyst for the reduction of protons in acidic

organic media with a Faradaic efficiency of 99%. Importantly,
This journal is ª The Royal Society of Chemistry 2012
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cyclic and rotating disk electrode voltammetry indicate that the

active catalyst is freely diffusing in solution, and that three

electrochemical reductive processes precede the onset of catalytic

proton reduction. At acid concentration in excess of 0.1 M, the

rate constant, kobs, for hydrogen evolution is estimated to be

385 s�1. An ‘‘apparent turnover rate’’ for the reduction of acetic

acid in acetonitrile by 1 of 8 s�1 at �1.6 V vs. SHE is also

calculated as a metric for comparison to similar catalysts eval-

uated under identical conditions. Ongoing efforts are focused on

decreasing the overpotential for proton reduction by 1 and

related polypyridyl systems, with particular interest in devel-

oping catalysts that are compatible with aqueous media.
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