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accelerate electrochemically-
driven solubility cycling of molecular transition
metal complexes†

Katherine J. Lee, ‡ Kunal M. Lodaya, ‡ Cole T. Gruninger, Eric S. Rountree
and Jillian L. Dempsey *

The solubility of molecular transition metal complexes can vary widely across different redox states, leaving

these compounds vulnerable to electron transfer-initiated heterogenization processes in which oxidation

or reduction of the soluble form of the redox couple generates insoluble molecular deposits. These

insoluble species can precipitate as suspended nanoparticles in solution or, under electrochemical

conditions, as an electrode-adsorbed material. While this electrochemically-driven solubility cycling is

technically reversible, the reverse electron transfer to regenerate the soluble redox couple state is

a practical challenge if sluggish electron transfer kinetics result in a loss of electronic communication

between the molecular deposits and the electrode. In this work, we present an example of this

electrochemically-driven solubility cycling, report a novel strategy for catalytically enhancing the

oxidation of the insoluble material using homogeneous redox mediators, and develop the theoretical

framework for analysing and digitally simulating the action of a homogeneous catalyst on

a heterogeneous substrate via cyclic voltammetry. First, a mix of electrochemical and spectroscopic

methods are used to characterize an example of this electrochemically-driven solubility cycling which is

based on the two-electron reduction of homogeneous [Ni(PPh2N
Ph

2)2(CH3CN)]2+ (PPh
2N

Ph
2 ¼ 1,3,5,7-

tetraphenyl-1,5-diaza-3,7-diphosphacyclooctane). The limited solubility of the doubly-reduced product

in acetonitrile leads to precipitation and deposition of molecular [Ni(PPh2N
Ph

2)2]. While direct oxidation of

this heterogeneous [Ni(PPh2N
Ph

2)2] at the electrode surface is possible, this electron transfer is kinetically

limited. We demonstrate how a freely diffusing redox mediator (ferrocene) – which shuttles electrons

between the electrode and the molecular material – can be used to overcome these slow electron

transfer kinetics, enabling catalytic regeneration of soluble [Ni(PPh2N
Ph

2)2]
2+. Finally, mathematical

models are developed that describe the current–potential response for a generic EC0 mechanism

involving a homogeneous catalyst and surface-adsorbed substrate. This novel strategy has the potential

to enable reversible redox chemistry for heterogeneous, molecular deposits that are adsorbed on the

electrode or suspended as nanoparticles in solution.
Introduction

Molecular transition metal complexes that can mediate multi-
electron redox reactions have widespread potential applica-
tions as charge carriers in electrochemical energy storage
technologies, garnering considerable interest both as catalysts
for multi-step fuel-forming reactions and in energy storage
systems like redox ow batteries where they could enable high
energy densities at modest concentrations.1–5 An important
consideration is that the properties of these redox active
th Carolina, Chapel Hill, North Carolina

.unc.edu

tion (ESI) available. See DOI:

51
complexes can vary considerably upon traversing different
redox states and care must be taken to ensure that each relevant
redox state is compatible with the electrochemical system as
a whole (e.g., solvent, supporting electrolyte).6–9 One possible
challenge arises when one (or more) of the redox states of the
transition metal complex has reduced solubility in the solvent
of interest.10 In this scenario, oxidation or reduction of the
soluble transition metal complex to this insoluble redox state
will result in precipitation of the complex either as suspended
nanoparticles in solution or as an electrode-adsorbed material.
Redox transformations that change the solubility of the
complex contrast the more widely discussed case where oxida-
tion or reduction of the soluble transition metal complex trig-
gers an irreversible degradation reaction (e.g., demetallation,
ligand destruction) that generates a heterogeneous species that
is no longer molecular in nature.11,12 Heterogenization arising
This journal is © The Royal Society of Chemistry 2020
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from the reduced solubility of one or more redox states is
reversible because the species formed upon electron transfer
precipitates and deposits on the electrode surface while main-
taining the integrity of the molecular core. The reverse redox
process which regenerates the soluble transition metal complex
will be facile if electronic communication is maintained
between the electrode and the resulting precipitated species.
However, this recovery process can be a practical challenge if
heterogenization of the molecular complex results in sluggish
electron transfer kinetics. Herein, we demonstrate how freely
diffusing molecular redox shuttles can be used to catalytically
enhance the transfer of electrons between an active electrode
material and a transition metal that is insoluble in its fully
reduced form. The redox shuttle mediates the oxidation of the
poorly conducting lm adhered to the electrode surface, ulti-
mately regenerating the soluble, oxidized form of the complex.

This example of electrochemically-driven solubility cycling is
based on the two-electron reduction of the homogeneous
transition metal complex [Ni(PPh2N

Ph
2)2(CH3CN)][BF4]2 (PPh2-

NPh
2 ¼ 1,3,5,7-tetraphenyl-1,5-diaza-3,7-diphosphacyclooctane;

abbreviated [Ni(PPh2N
Ph

2)2]
2+, Scheme 1) in acetonitrile. Best

known as a molecular catalyst for electrochemical hydrogen
evolution, the reactivity of [Ni(PPh2N

Ph
2)2]

2+ in acetonitrile has
been extensively evaluated via electrochemical and spectro-
scopic methods under catalytic conditions.13–17 In contrast, the
electrochemistry of [Ni(PPh2N

Ph
2)2]

2+ in the absence of a proton
source – in particular, its high degree of sensitivity to the
concentration of [Ni(PPh2N

Ph
2)2]

2+ – remains largely unexplored.
In this report, we present detailed electrochemical analysis of
[Ni(PPh2N

Ph
2)2]

2+ in the absence of a proton source across
a range of concentrations (0.5 to 10 mM) which, when coupled
with spectroscopic monitoring, identies an electrochemically-
driven solubility cycle. The two-electron reduction of [Ni(PPh2-
NPh

2)2]
2+ generates a neutral species, [Ni(PPh2N

Ph
2)], with far

more limited solubility in acetonitrile that can precipitate on
the electrode surface as a heterogeneous material that remains
molecular in nature. In-depth assessment of current–potential
responses collected at high concentrations of [Ni(PPh2N

Ph
2)2]

2+

indicate that the surface-adsorbed [Ni(PPh2N
Ph

2)2] deposits can
passivate the electrode surface and, in the most extreme cases,
completely block electron transfer at the electrode.18 While the
forward reaction to generate heterogeneous [Ni(PPh2N

Ph
2)2] is

facile, reversing this process is limited by slow electron transfer
kinetics between heterogeneous [Ni(PPh2N

Ph
2)2] and the
Scheme 1 Structure of [Ni(PPh2N
Ph

2)2(CH3CN)]
2+.

This journal is © The Royal Society of Chemistry 2020
electrode. However, we demonstrate that the rate of this re-
solubilization can be greatly enhanced through the use of
a freely diffusing redox shuttle (ferrocene) which can catalyti-
cally regenerate soluble [Ni(PPh2N

Ph
2)2]

2+ from these inert
deposits. Alongside this case study, we present theoretical
models that enable analysis and digital simulations of catalytic
lm dissolution in the presence and absence of interfacial
electron transfer inhibition. We envision that the fundamental
understanding of the interfacial redox process presented here
could lead to new strategies to facilitate challenging electron
transfers to electrode-adsorbed materials as well as aid in the
solubilization of suspended nanoparticles when coupled with
a hydrodynamic set-up like an electrochemical ow cell.

Results and discussion
Part 1: Reduction-initiated chemical reactivity of
[Ni(PPh2N

Ph
2)2]

2+

Cyclic voltammetry of [Ni(PPh2N
Ph

2)2]
2+. Two one-electron

cathodic features are observed in the cyclic voltammogram of
[Ni(PPh2N

Ph
2)2]

2+ in acetonitrile at ca. �0.83 V and �1.03 V (all
values reported versus Fc+/0 couple) corresponding to the NiII/I

and NiI/0 reductions, respectively.13,15 When examining the
concentration dependence of these voltammetric features at
a constant scan rate (y ¼ 0.1 V s�1), three limiting regimes were
identied.

Regime 1. At low concentrations (ca. [[Ni(PPh2N
Ph

2)2]
2+] # 0.5

mM), both the NiII/I and NiI/0 redox couples are electrochemi-
cally and chemically reversible (Fig. 1A). Scan rate dependence
studies show a linear relationship between the cathodic peak
current for both couples and y1/2, as predicted by the Randles–
Sevcik equation for a homogeneous species (SI-1, ESI I†).

Regime 2. As concentration is increased (ca. 0.5 mM <
[[Ni(PPh2N

Ph
2)2]

2+] # 3 mM), the chemical reversibility for both
redox couples is increasingly lost (Fig. 1A). While the peak
currents for the anodic features progressively decrease, the
cathodic peak currents maintain the anticipated linear depen-
dence on concentration and y1/2 (SI-1, ESI I†). Upon increasing
the scan rate, the redox couples regain reversibility (Fig. 1B and
SI-1, ESI I†).

Regime 3. At high concentrations (ca. [[Ni(PPh2N
Ph

2)2]
2+] > 3

mM), the NiI/0 cathodic feature transitions from a diffusional
peak – consistent with a homogeneous species – to a sharp
feature (Fig. 2A and SI-1, ESI I†). The cathodic peak current for
the NiI/0 wave no longer linearly depends on concentration (SI-1,
ESI I†) and is higher than the current predicted for a reversible
redox couple (Fig. 2A). In contrast, the NiII/I cathodic feature
remains diffusional in nature (Fig. 2A) and its peak current still
linearly depends on concentration (SI-1, ESI I†). At potentials
negative of the NiI/0 cathodic peak, the current continues to
decay until complete current inhibition is observed (Fig. 2B). At
ca. �0.8 V on the return scan, some amount of current is
regained, a phenomenon that is discussed in detail below.
Increasing scan rate broadens the NiI/0 cathodic peak into
a shape more akin to that of a diffusion-controlled feature
(Fig. 2B). Upon reaching sufficiently fast scan rates, current
inhibition is no longer observed and the characteristics of the
Chem. Sci., 2020, 11, 9836–9851 | 9837

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc02592e


Fig. 1 (A) Concentration dependence studies for [Ni(PPh2N
Ph

2)2]
2+.

Cyclic voltammograms recorded in a solution of 0.5 mM [Ni(PPh2-
NPh

2)2]
2+ (red) contain two chemically reversible redox couples. The

reversibility of these couples is increasingly lost as the concentration is
increased up to 2mM (grey to blue). Voltammograms recorded at 0.1 V
s�1 and normalized to concentration of [Ni(PPh2N

Ph
2)2]

2+. (B) Scan rate
dependence studies collected in a solution of 3 mM [Ni(PPh2N

Ph
2)2]

2+.
The reversibility of both redox couples is regained as the scan rate is
increased from 0.1 V s�1 (blue) up to 5 V s�1 (grey to red). Voltam-
mograms normalized to y1/2. All voltammograms obtained in 0.25 M
[NBu4][PF6] acetonitrile using a glassy carbon working electrode.

Fig. 2 (A) Comparison of an experimentally obtained cyclic voltam-
mogram at 10 mM [Ni(PPh2N

Ph
2)2]

2+ (red) to the theoretical voltam-
mogram that would be obtained in the absence of a coupled chemical
step (dashed black). Experimental voltammograms recorded at 0.1 V
s�1. Theoretical voltammogram obtained via digital simulation of two
successive one-electron reductions of a species P with redox couples
at E1/2 ¼ �0.83 and �1.03 V. Both electron transfers set at 10 000 cm
s�1 with a ¼ 0.5, scan rate as 0.1 V s�1, and concentration of P as
0.01 M. Diffusion coefficient of all species set at the experimentally
determined value of 5.9 � 106 cm2 s�1 (SI-1, ESI I†). Simulated with
DigiElch 8.FD. (B) Scan rate dependence studies at 10 mM [Ni(PPh2-
NPh

2)2]
2+. Cyclic voltammograms recorded across scan rates ranging

from 0.025 V s�1 to 5 V s�1 (red to blue) and normalized to y1/2. All
experimental voltammograms recorded in 0.25 M [NBu4][PF6] aceto-
nitrile using a glassy carbon working electrode.
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redox couples increasingly resemble the voltammogram
described for regime 2.

Voltammetry implicates electrodeposition of a weakly-
adsorbed material. In regime 3 (Fig. 2), the combination of
a sharp peak followed by complete current inhibition is quali-
tatively consistent with mathematical models describing the
formation of a heterogeneous species that passivates the elec-
trode surface, such that the area of the electrode covered in
these “blocking islands” is totally inhibited towards electron
transfer.18,19 Inspection of working electrodes aer electro-
chemical measurements provided further evidence for lm
formation; working electrodes became visibly discoloured aer
being held at potentials negative of the NiI/0 couple (SI-2, ESI I†).

The weakly-adsorbed nature of this material – which will
dissolve or desorb when rinsed or le to equilibrate in an
electrolyte solution (see SI-3, ESI I† for a more detailed discus-
sion) – precluded more rigorous analysis of the structure and
morphology of this lm via traditional surface characterization
techniques.10,20 However, repetitive cycling experiments show
that this material will remain adsorbed to the electrode when
maintained in appropriate conditions. As cyclic voltammetry is
a non-destructive technique, collecting multiple scans of
a homogeneous redox-active species with the same electrode
should yield identical results, assuming the diffusion layer is
9838 | Chem. Sci., 2020, 11, 9836–9851
refreshed between scans.21 Irreproducibility from scan to scan
will be observed if the deposition of heterogeneous materials
during the voltammogram modies the properties of the elec-
trode, resulting in changes to the electroactive surface area or
electron transfer kinetics.10,18,22–24 In these repetitive cycling
experiments, a series of voltammograms were collected in
which the potential was scanned between�0.5 V and�1.35 V at
0.1 V s�1. Between each voltammogram, the solution was mixed
to refresh the diffusion layer with no bias applied to the elec-
trode during mixing. At high concentrations of [Ni(PPh2N

Ph
2)2]

2+

(10 mM), drastic changes to the electrochemical response were
observed with each additional cycle (Fig. 3) with more subtle
changes observed during analogous experiments performed at
lower concentrations (SI-2, ESI I†). When reproducing this
experiment at high concentrations of [Ni(PPh2N

Ph
2)2]

2+, drastic
changes were consistently observed cycle-to-cycle within a series
of voltammograms from a single experiment, but the exact
evolution of the shape of the voltammetric responses as
a function of scan number differed from experiment-to-
experiment (SI-2, ESI I†). While this irreproducibility makes
extracting quantitative information from repetitive cycling
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Repetitive cycling experiments confirm that the electrode
properties can bemodified over the course of a single electrochemical
measurement. Electrodes were polished and pre-treated at the start of
the data set and all subsequent voltammograms were collected using
the same electrodewithout polishing between scans. The solution was
stirred between scans to refresh the diffusion layer. Rapid changes can
be observed in each subsequent voltammogram collected at 10 mM
[Ni(PPh2N

Ph
2)2]

2+: scan 1 (grey), 2 (dark blue), 3 (light blue), 4 (green), 5
(yellow), 6 (orange), and 7 (red). Voltammograms recorded in 0.25 M
[NBu4][PF6] acetonitrile at 0.1 V s�1 using a glassy carbon working
electrode.

Fig. 4 Scan rate dependence studies at 10 mM [Ni(PPh2N
Ph

2)2]
2+

highlighting the oxidative electrochemistry of the deposited material.
Scan rates range from 0.025 V s�1 to 1 V s�1 (red to blue). Voltam-
mograms used a three segment potential sweep (segment 1 ¼ �0.5 to
�1.3 V; segment 2 ¼ �1.35 to 0.32 V; segment 3 ¼ 0.32 to �0.5 V) and
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unviable, it does not detract from the conclusion that a depos-
ited material is generated upon electrolysis which remains at
least partially adsorbed when maintained in appropriate
conditions.

For a self-inhibition reaction in which the electrode-
adsorbed species completely blocks electron transfer, analyt-
ical tools for extracting kinetic information andmonitoring lm
growth from cyclic voltammetry and repetitive cycling experi-
ments have been previously derived.18,19,25 These derivations
identify the experimental parameters (e.g., scan rate, concen-
tration of starting material) that govern the peak characteristics
of rst-scan voltammograms (i.e., a scan with a freshly polished
electrode) and how the current response will evolve during
repetitive cycling experiments. While the cathodic feature of the
NiI/0 redox couple in the rst-cycle voltammogram qualitatively
conforms to the peak characteristics predicted by these models
(i.e., thinner peaks, current that reaches zero), deviations of the
experimental data from the quantitative trends predicted by
this theoretical treatment indicate that more complex factors
are governing lm growth in this system. This precludes the
application of these previously developed models.

First, the changes in the waveform during multiple cycling
experiments do not conform to the trends predicted by this
theoretical treatment. These models assume that the electrode
is irreversibly derivatized with inhibiting material such that any
area of the electrode coated in blocking islands will remain
passivated. As such, once the electrode is fully covered in
inhibiting materials, no additional current will be observed
during the remainder of the sweep or (in the case of repetitive
cycling experiments) in any subsequent voltammogram. During
repetitive cycling experiments at 10 mM [Ni(PPh2N

Ph
2)2]

2+,
a current response is clearly observed in each cycle despite
complete current inhibition during the cathodic sweep of the
This journal is © The Royal Society of Chemistry 2020
rst voltammogram (Fig. 3), indicating that passivation is
reversible (see below).

Second, the relationship between the governing parameters
(e.g., scan rate, concentration of [Ni(PPh2N

Ph
2)2]

2+) and the
characteristics of the NiI/0 cathodic feature deviate from the
trends predicted by this theoretical treatment.18,19,25 These
trends only quantitatively hold if the portion of the surface
covered in inert deposits is totally inhibited towards further
electron transfer such that the current response can be
approximated as (1 � q)I0, where q is the fractional coverage of
the surface that is coated in inhibiting material and I0 is the
current in the absence of inhibition. This assumption is only
valid when the electroactive areas which separate the “blocking
islands” are on the same order of magnitude or larger than the
diffusion layer (for example, in the other extreme where the
electroactive sites and “blocking islands” are small compared to
the dimensions of the diffusion layer, the current response will
be the same as a bare electrode but with a lower apparent rate of
heterogeneous electron transfer).19,26,27 As such, we attribute the
deviations in our experimental data from these mathematical
models to the formation of a material that does not rigorously
conform to the extreme geometric constraints and irreversible
lm formation assumed in this theoretical treatment.

Oxidative electrochemistry of modied electrodes reveal
regeneration of [Ni(PPh2N

Ph
2)2]

2+. For voltammograms in
regime 3, deposition results in complete current inhibition
(Fig. 2). On the return sweep, the electrode remains fully
passivated until ca. �0.8 V, at which point passage of anodic
current is once again observed. This anodic current enhance-
ment is attributed to the direct oxidation of the electrode-
adsorbed material.24 At the lowest scan rate sampled (0.025 V
s�1), sweeping to more positive potentials reveals a broad
oxidative feature which converges to the capacitive current of
the bare electrode at ca. 0.3 V (Fig. 4). The broadness of this
feature is consistent with an oxidative process with sluggish
interfacial electron transfer kinetics, indicating that electron
transfer between the underlying glassy carbon electrode and the
adsorbed material is slow.28 The convergence to the capacitive
were recorded in 0.25 M [NBu4][PF6] acetonitrile using a glassy carbon
working electrode. Traces have been normalized to y1/2.

Chem. Sci., 2020, 11, 9836–9851 | 9839
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current of the bare electrode provides support for a reaction
scheme where slow, direct oxidation of the surface deposits
results in delamination of the lm. Oxidative removal of the
inert surface deposits exposes the underlying electrode mate-
rial, manifesting as an “un-blocking” of the glassy carbon
electrode surface and an increase in the active electrode surface
area.24 As scan rate is increased, the broad peak transitions to an
elongated plateau which does not converge with the capacitive
current of the bare electrode (Fig. 4), indicating that some inert
deposits are still present on the electrode surface. This incom-
plete delamination at faster scan rates is consistent with the
sluggish rate of heterogeneous electron transfer between the
electrode and the deposited material. Electron transfer is so
slow that prolonged polarization at oxidizing potentials is
necessary to fully remove the material, a prerequisite which is
only achieved at the slowest scan rate sampled.

The product generated upon oxidation-initiated delamina-
tion was characterized by monitoring the composition of the
solution during double potential step chronoamperometry
(DPSC) via thin-layer UV-vis absorbance spectroscopy
(Fig. 5).29,30 In the absence of an applied potential, [Ni(PPh2-
NPh

2)2]
2+ absorbs strongly in the visible with a prominent

feature at 480 nm.13 When a reducing potential negative of the
NiI/0 redox couple (�1.4 V) is applied, the solution absorbance
bleaches across the visible spectrum without the concomitant
growth of prominent new features, behaviour consistent with
formation of an electrode-adsorbed material following the two-
electron reduction of [Ni(PPh2N

Ph
2)2]

2+.10 If the electrode is then
held at oxidizing potentials (0.3 V), a feature at 480 nm grows in
with a nearly identical magnitude as the spectrum for
[Ni(PPh2N

Ph
2)2]

2+ obtained at the beginning of the experiment,
indicating that homogeneous [Ni(PPh2N

Ph
2)2]

2+ is regenerated in
its molecular form. The regeneration of homogeneous
[Ni(PPh2N

Ph
2)2]

2+ upon oxidation of the deposited material
provides evidence that the deposition event is not associated
with an irreversible chemical transformation such as a degra-
dation reaction.7,8 Instead, the limited solubility of [Ni(PPh2-
NPh

2)2] generated upon reduction results in precipitation of
Fig. 5 UV-vis absorbance spectrum of a solution of 4 mM [Ni(PPh2-
NPh

2)2]
2+ in 0.25 M [NBu4][PF6] acetonitrile during spectroelec-

trochemistry experiments. Spectra collected in the absence of an
applied potential (blue), after holding the electrode at �1.4 V for 30
seconds (grey), and after stepping the fouled electrode to 0.3 V for 30
seconds (red). Double potential step chronoamperogram recorded
with a platinum honeycomb electrode.

9840 | Chem. Sci., 2020, 11, 9836–9851
molecular, heterogenized [Ni(PPh2N
Ph

2)2] on the electrode
surface. While it is possible that some other Ni-based degra-
dation product may be co-depositing with the heterogeneous
[Ni(PPh2N

Ph
2)2]

2+, the near quantitative regeneration of homo-
geneous [Ni(PPh2N

Ph
2)2]

2+ observed via spectroelectrochemistry
(Fig. 5) indicates that – if this parallel reaction is operative – it is
a minor pathway at best.

Mechanism of electrodeposition. A heterogenization event
that is a direct result of the limited solubility of [Ni(PPh2N

Ph
2)]

will be exacerbated when there is a higher concentration of
[Ni(PPh2N

Ph
2)] local to the electrode surface to enable nucleation

and growth of the molecular deposits, explaining the high
degree of sensitivity of this electrochemistry to the concentra-
tion of [Ni(PPh2N

Ph
2)2]

2+ (Fig. 1A and SI-1, ESI I†). Recognizing
this reactivity allows for more robust analysis of the concen-
tration and scan rate dependent cyclic voltammetry discussed
above. For cyclic voltammograms in regime 2, the anodic
features of the NiII/I and NiI/0 redox couples are lost as
concentration is increased while the cathodic features remain
diffusional in nature (Fig. 1A and SI-1, ESI I†). This behaviour is
consistent with an EEC reaction pathway in which the two
successive one-electron transfers to generate soluble [Ni(PPh2-
NPh

2)2] are followed by a chemical transformation, in this case
heterogenization of molecular [Ni(PPh2N

Ph
2)2] (further evidence

that the coupled chemical step proceeds only aer two
sequential reductions to form [Ni(PPh2N

Ph
2)2] can be found in

SI-4, ESI I†). Scan rate dependence studies at a constant
concentration in regime 2 are also consistent with this EEC
mechanism: as scan rate is increased and the chemical step
becomes increasingly uncompetitive on the experimental
timescale, both redox couples transition from chemically irre-
versible peaks back to their reversible unperturbed Nernstian
waveforms (Fig. 1B and SI-1, ESI I†).19,27 The sharp NiI/0 cathodic
feature followed by complete current inhibition observed in
regime 3 (Fig. 2) is characteristic of a self-inhibiting chemical
transformation where the deposition of the reaction products
(i.e., heterogeneous [Ni(PPh2N

Ph
2)2]) passivates the electrode,

thereby blocking the electron transfer necessary to generate
additional product.

These data support the basic mechanistic proposal
described in Scheme 2 where the two-electron reduction to
generate [Ni(PPh2N

Ph
2)2] (reaction (1) & (2)) is followed by a het-

erogenization process to form suspended particles in solution
(reaction (3A)) or, in the presence of an electrode, surface
deposits (reaction (3B)). While heterogenization is technically
chemically reversible because the molecular core remains
intact, it is practically limited by poor electronic communica-
tion between the electrode and the heterogeneous material.21,28
Scheme 2 EEC mechanism for formation of surface-adsorbed
species.

This journal is © The Royal Society of Chemistry 2020
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This poor electronic communication is evident in the oxidative
electrochemistry of the surface-adsorbed [Ni(PPh2N

Ph
2)2]

generated in regime 3 (Fig. 4). In these cyclic voltammograms,
prolonged polarization at oxidizing potentials is necessary for
complete delamination of the adsorbed material due to slug-
gish electron transfer kinetics between the underlying glassy
carbon electrode and heterogeneous [Ni(PPh2N

Ph
2)2].

Part 2: Redox-mediators enhance oxidation of heterogeneous
[Ni(PPh2N

Ph
2)2]

One notable aspect of the electrochemically-driven solubility
cycling of [Ni(PPh2N

Ph
2)2]

2+ is that while the generation of the
heterogeneous [Ni(PPh2N

Ph
2)] is facile, the reverse reaction –

where soluble [Ni(PPh2N
Ph

2)2]
2+ is regenerated – is kinetically

limited by slow electron transfer between the electrode and the
heterogeneous deposits. We postulated that this rate of electron
transfer could be accelerated by addition of a molecular, freely
diffusing redox mediator, a strategy that has been shown to
facilitate challenging electron transfers in other systems where
there is poor electronic communication between the electrode
and a redox active centre, such as proteins31,32 and poorly-
conducting lithium-insertion materials.33,34 Ferrocene (Fc) was
selected as a redox mediator due to its electrochemical stability,
facile reversible electron transfer reactivity, and general chem-
ical inertness in both its oxidized and reduced forms. This
would proceed through the EC0 catalytic mechanism described
in Scheme 3: the homogeneous Fc catalyst is oxidized at the
electrode to generate Fc+ (reaction (I)), electrochemically-
generated Fc+ oxidizes the heterogeneous [Ni(PPh2N

Ph
2)2]

substrate by one electron to generate the product [Ni(PPh2-
NPh

2)2]
+ and regenerate Fc which can be further oxidized at the

electrode surface and – if substrate is still available – re-enter
the catalytic cycle (reaction (II)). [Ni(PPh2N

Ph
2)]

+ is further
oxidized to [Ni(PPh2N

Ph
2)2]

2+ via either direct heterogeneous
electron transfer at the electrode (reaction (III)) or a solution
electron transfer (SET) reaction35 with another equivalent of Fc+

(reaction (IV)).
Electrochemistry of [Ni(PPh2N

Ph
2)2]

2+ in the presence of
ferrocene. To evaluate whether ferrocene can facilitate electron
transfer between heterogeneous [Ni(PPh2N

Ph
2)2] and the elec-

trode, cyclic voltammograms were recorded in solutions of 0.5
to 2 mM [Ni(PPh2N

Ph
2)2]

2+ with 1 equivalent of ferrocene at 0.1 V
s�1. In these voltammograms, the potential was rst swept
through the NiII/I and NiI/0 redox couples and then, upon
Scheme 3 Mechanism of Fc-mediated oxidation of heterogeneous
[Ni(PPh2N

Ph
2)2].

This journal is © The Royal Society of Chemistry 2020
reaching a switching potential negative of the NiI/0 couple, the
sweep direction was reversed and the potential was scanned
through the Fc+/0 couple. This concentration range was chosen
because it encompasses the transition of the [Ni(PPh2N

Ph
2)2]

2+

redox features from regime 1 (fully reversible redox couples) to
regime 2 (EEC reactivity is operative) (Fig. 1A). If ferrocene
operates as a redox shuttle between heterogeneous [Ni(PPh2-
NPh

2)] and the electrode, an anodic current enhancement at the
Fc+/0 couple will parallel the loss of the anodic features for the
NiII/I and NiI/0 couple observed as [Ni(PPh2N

Ph
2)2]

2+ is increased.
No current enhancement should be observed when working at
low [Ni(PPh2N

Ph
2)2]

2+ concentrations consistent with regime 1
where [Ni(PPh2N

Ph
2)2] remains soluble and thus can be readily

oxidized at the electrode surface.
In voltammograms collected at 0.5 mM [Ni(PPh2N

Ph
2)2]

2+

(regime 1), the anticipated reversible, one-electron Fc+/0 couple
is observed (Fig. 6). As [Ni(PPh2N

Ph
2)2]

2+ concentration is
increased and the NiII/I and NiI/0 features transition to regime 2,
the magnitude of the anodic and cathodic peak currents of the
Fc+/0 wave begin to diverge; the anodic peak current increases
relative to the amount predicted based on the Fc concentration
while the cathodic feature is unperturbed (Fig. 6 and SI-5, ESI
I†). This current distortion is only observed in cyclic voltam-
mograms that rst scan through the NiI/0 couple. The synchrony
between the loss of the NiII/I and NiI/0 anodic peaks and the
anodic current enhancement at the Fc+/0 redox couple shows
that ferrocene only begins to act as a redox shuttle when het-
erogenization of [Ni(PPh2N

Ph
2)2] results in a loss of electronic

communication with the electrode. The cathodic peak of the
Fc+/0 redox couple is unperturbed in the cyclic voltammograms
with a 1 : 1 ratio of [Ni(PPh2N

Ph
2)2]

2+ : Fc (Fig. 6), suggesting that
Fc oxidation is not followed by a stoichiometric reaction in
which the Fc+ is consumed when it oxidizes [Ni(PPh2N

Ph
2)2] and

instead it proceeds via an EC0 mechanism described in Scheme
3.28,30,36,37
Fig. 6 Cyclic voltammograms of 0.5 mM (red), 1 mM (light red),
1.25 mM (grey), 1.5 mM (light blue), and 2 mM (blue) [Ni(PPh2N

Ph
2)2]

2+

with 1 equivalent ferrocene showing the synchrony between the loss
of the anodic features for the NiII/I and NiI/0 couple features and the
enhancement of the anodic current at the Fc+/0 redox couple. If the
potential is not first swept through the NiII/I and NiI/0 waves, no current
enhancement is observed at the Fc+/0 redox couple (black trace).
Voltammograms obtained at 0.1 V s�1 in 0.25 M [NBu4][PF6] acetoni-
trile using a glassy carbon working electrode and normalized to
concentration of [Ni(PPh2N

Ph
2)2]

2+.

Chem. Sci., 2020, 11, 9836–9851 | 9841
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UV-vis spectroelectrochemistry was used to conrm that the
reaction between ferrocene and the deposited material consists
solely of electron transfer to regenerate homogeneous
[Ni(PPh2N

Ph
2)2]

2+ and does not involve a chemical reaction
which irreversibly modies the molecular core of [Ni(PPh2-
NPh

2)2] (Fig. 7A and SI-5, ESI I†). UV-vis spectroelectrochemical
experiments were conducted in a solution of 4 mM [Ni(PPh2-
NPh

2)2]
2+ with 0.33 mM Fc using the same DPSC procedure

described above. As with spectroelectrochemistry experiments
conducted in the absence of ferrocene, applying a reducing
potential (�1.4 V) resulted in bleaching of the solution absor-
bance. Subsequent application of an oxidizing potential positive
of the Fc+/0 couple (0.3 V) resulted in a spectrum with absor-
bance features nearly identical to those for the [Ni(PPh2N

Ph
2)2]

2+

solution prior to the double potential step chronoamperogram,
indicating that the [Ni(PPh2N

Ph
2)2]

2+ was not consumed during
the reaction with Fc and that the reaction between Fc+ and
[Ni(PPh2N

Ph
2)2] is a simple electron transfer process.

UV-vis spectroelectrochemistry was then used to conrm
that Fc accelerates the kinetics of [Ni(PPh2N

Ph
2)2]

2+
Fig. 7 (A) UV-vis absorbance spectrum of a solution of 4 mM
[Ni(PPh2N

Ph
2)2]

2+ and 0.33 mM ferrocene during spectroelec-
trochemistry experiments. Spectra collected in the absence of an
applied potential (blue), after holding the honeycomb electrode at
�1.4 V for 60 seconds (grey), and after stepping the fouled honeycomb
to 0.3 V for 60 seconds (red). (B) Absorbancemeasured at 480 nmover
the course of a double potential step chronoamperometry in a solu-
tion of 5 mM [Ni(PPh2N

Ph
2)2]

2+ in the absence of ferrocene (red) and in
the presence of 0.25 mM ferrocene (blue). Double potential step
chronoamperometry employed a two-step sequence in which the
electrode was held at �1.5 V (step 1) and 0.3 V (step 2) for 60 seconds.
Dashed grey line marks transition from step 1 to step 2. Corresponding
absorbance spectra available in SI-5.† All spectroelectrochemistry
experiments recorded in 0.25 M [NBu4][PF6] acetonitrile with a plat-
inum honeycomb electrode.

9842 | Chem. Sci., 2020, 11, 9836–9851
regeneration. Double potential step chronoamperograms (step
1 ¼ �1.5 V for 60 seconds, step 2 ¼ 0.3 V for 60 seconds) were
recorded in a solution of 5 mM [Ni(PPh2N

Ph
2)2]

2+ in the absence
and presence of 0.25 mM ferrocene, collecting UV-vis absor-
bance spectra every 5 seconds (Fig. 7B and SI-5, ESI I†). The
precipitation of [Ni(PPh2N

Ph
2)2] during the forward step and

regeneration of [Ni(PPh2N
Ph

2)2]
2+ during the reverse step were

monitored as a function of time by tracking the loss and growth
of the feature at 480 nm during step 1 and step 2, respectively.
The bleach of this feature during step 1 occurred at a nearly
identical rate for both samples, suggesting the presence of sub-
stoichiometric amounts of ferrocene has minimal impact on
the kinetics of [Ni(PPh2N

Ph
2)2] precipitation. While the bleach of

this absorbance feature under reducing conditions was unper-
turbed, the subsequent increase in signal intensity under
oxidizing conditions occurred at a far faster rate in the presence
of ferrocene, with the timescale required for complete regen-
eration of soluble [Ni(PPh2N

Ph
2)2]

2+ decreasing from 60 seconds
in the [Ni(PPh2N

Ph
2)2]

2+ only solution to 20 seconds upon addi-
tion of ferrocene. This data suggests that ferrocene accelerates
the rate of lm oxidation and has little impact on the rate of lm
formation.

To electrochemically evaluate whether this catalytically
enhanced lm dissolution had a measurable impact on the ‘un-
blocking’ of the electrode surface, double potential step chro-
noamperograms (step 1¼�1.45 V for 10 to 20 seconds, step 2¼
�0.3 V for 20 seconds) were recorded in [Ni(PPh2N

Ph
2)2]

2+ solu-
tions (5–10 mM) with or without 0.05 equivalents of ferrocene
using a glassy carbon electrode. The current transient obtained
during the forward step is comparable for the [Ni(PPh2N

Ph
2)2]

2+

only and ferrocene containing solutions (SI-5, ESI I†): aer an
initial spike associated with double-layer charging and
adsorption/desorption, the current rapidly decays, eventually
reaching zero at the highest concentrations sampled. Convert-
ing the chronoamperograms collected during the forward step
to their corresponding Cottrell plot by plotting current as
a function of t�1/2 shows a far faster current decay than the
linear relationship predicted by the Cottrell equation for
a diffusional species.19 This negative deviation from linearity is
consistent with the passivation of the electrode observed during
cyclic voltammograms in regime 3 (Fig. 2).

While the rate of current inhibition under reducing condi-
tions (step 1) is comparable for the [Ni(PPh2N

Ph
2)2]

2+ only and
ferrocene containing solutions, major deviations were observed
during the second step to oxidizing potentials (Fig. 8 and SI-5,
ESI I†). In the absence of ferrocene, a small current spike is
observed followed by a slow decay to the capacitive current
anticipated for a bare glassy carbon electrode, as expected for
a direct oxidation process that is kinetically limited by poor
interfacial electron transfer. In contrast, a large anodic current
spike is observed in the presence of ferrocene which rapidly
decays to the diffusion-controlled wave anticipated for homo-
geneous ferrocene, behaviour consistent with the accelerated
regeneration of the bare glassy carbon electrode.

Competition between direct and Fc-mediated oxidation.
Aer establishing that Fc is capable of catalytically oxidizing
adsorbed [Ni(PPh2N

Ph
2)] even when the electrode is fully
This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Second step of a double potential step chronoamperogram
comparing the delamination of [Ni(PPh2N

Ph
2)2] in a solution of 7.5 mM

[Ni(PPh2N
Ph

2)2]
2+ in the absence of ferrocene (red) and in the presence

of 0.325 mM ferrocene (blue). Working electrode held at �1.5 V for 20
seconds to electrodeposit [Ni(PPh2N

Ph
2)2] (data available in SI-5†) and

then stepped to 0.3 V for 30 seconds. Inset highlights differences in
magnitude of the current spike at early time points. All chro-
noamperograms recorded in 0.25 M [NBu4][PF6] using a glassy carbon
electrode.

Fig. 9 Cyclic voltammograms of 10 mM [Ni(PPh2N
Ph

2)2]
2+ with 1 mM

ferrocene recorded at scan rates ranging from 0.025 (red) to 5 (dark
blue) V s�1. All voltammograms obtained in 0.25 M [NBu4][PF6]
acetonitrile using a glassy carbonworking electrode and normalized to
y1/2.
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passivated, we turned to study the efficacy of Fc-mediated
electron transfer for lms formed at concentrations of
[Ni(PPh2N

Ph
2)2]

2+ corresponding to regime 3 where preliminary
ndings suggest the electrodes are fully blocked/passivated
(Fig. 2). Cyclic voltammograms were collected in a 10 mM
[Ni(PPh2N

Ph
2)2]

2+ solution with 1 mM Fc using scan rates varying
from 0.025 V s�1 (where rapid electrode fouling leads to
complete current inhibition at potentials negative of ca. �0.8 V)
to 5 V s�1 (where complete current inhibition is no longer
observed and the characteristics of the voltammogram corre-
spond to regime 2). As no heterogeneous [Ni(PPh2N

Ph
2)2] is

deposited prior to the voltammogram, the surface concentra-
tion of heterogeneous substrate (G0

A) will be dictated by the
length of time spent under the reducing potential necessary for
lm formation during the potential sweep. Longer timescales
are expected to result in larger G0

A unless the electrode is
completely passivated, at which point no more [Ni(PPh2N

Ph
2)2]

can be generated and G0
A will plateau. Because scan rate is

inversely proportional to the experimental time scale, G0
A is ex-

pected to increase as scan rate is decreased in the absence of
passivation or other side phenomena that inuence G0

A.
If Fc-mediated oxidation is the dominant oxidative pathway,

the magnitude of the Fc+/0 anodic wave ic[Fc
+/0] (aer correcting

for the anodic peak current of the Fc+/0 couple in the absence of
substrate) will decrease as scan rate increases (thereby
decreasing G0

A) – a relationship observed at scan rates above 1 V
s�1. However, below 1 V s�1 (Fig. 9), the relationship between
scan rate and ic[Fc

+/0] is inverted: the degree of anodic current
enhancement becomes smaller as scan rate decreases with little
to no current enhancement observed at the lowest scan rate
sampled (0.025 V s�1). This decrease in the current enhance-
ment at the Fc couple is commensurate with an increase in the
broad oxidative feature observed at potentials negative of ca.
�0.8 V, indicative of a competition between direct oxidation of
[Ni(PPh2N

Ph
2)2] at the electrode and Fc-mediated oxidation (SI-5,

ESI I†). At slow scan rates, direct oxidation of [Ni(PPh2N
Ph

2)2]
This journal is © The Royal Society of Chemistry 2020
results in de-lamination of the deposited material and regen-
eration of [Ni(PPh2N

Ph
2)2]

2+ thereby decreasing the amount of
lm available to react with Fc+. At faster scan rates, the sluggish
direct oxidation pathway is not competitive, leaving more
material available for Fc-mediated oxidation and resulting in
a larger degree of current enhancement at the Fc+/0 couple.

This competition is consistent with the role of Fc as a redox
shuttle which enhances the otherwise sluggish oxidation of
insulating heterogeneous [Ni(PPh2N

Ph
2)2] deposits and, we

suggest, is actually crucial for this mediated pathway to be
effective when electrodeposition completely blocks electron
transfer under reducing conditions. To initiate this mediated
reactivity, Fc must itself rst be oxidized at the electrode
surface; this electron transfer would be greatly hindered if the
electrode were completely passivated, as it is at potentials
negative of ca. �0.8 V in regime 3.38,39 Given this caveat, we
suggest that the kinetically slow direct oxidation of the lm and
the resulting delamination of the inhibiting material is critical
for exposing electroactive surface area through which homo-
geneous Fc can be oxidized to Fc+ in regime 3.

Dependence of ferrocene wave on experimental parameters
support EC0 assignment. In part 3 (below), we report a mathe-
matical model describing the current–potential response for an
EC0 reaction involving a homogeneous catalyst and an
electrode-adsorbed substrate. This theoretical treatment allows
us to rigorously identify the experimental parameters that
dictate the shape of the catalytic waveform. While this model
does not perfectly reect the nuances of the Fc catalyst-
[Ni(PPh2N

Ph
2)2] substrate reactivity described in this work (dis-

cussed in detail below), we hypothesized that the catalytic
waveforms for this experimental system will still follow the
chemically intuitive trends predicted by these models upon
tuning the surface concentration of heterogeneous substrate
(G0

A), catalyst concentration (C0
Q), or scan rate. An EC0 mecha-

nism can thus be qualitatively supported by varying these
diagnostic parameters and monitoring the resulting changes in
the Fc+/0 redox couple.

The impact of each of the aforementioned experimental
parameters was evaluated using a series of induction period
Chem. Sci., 2020, 11, 9836–9851 | 9843
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experiments. The basic experimental set-up of these trials
involved holding a freshly pre-treated electrode at �1.5 V (i.e.,
the induction period) in a solution of [Ni(PPh2N

Ph
2)2]

2+ and Fc
and then collecting a voltammogram in which the electrode was
scanned from this resting potential through the Fc+/0 couple.
Because the potential applied during the induction period is
negative of the NiI/0 redox couple, the length of this induction
period can be used to control and systematically tune G0

A, with
longer induction periods increasing the time available for lm
formation. While the magnitude of G0

A is generally expected to
increase with induction period, one caveat for a self-inhibiting
system, like the one explored here, is that saturation of the
electrode will block the formation of additional [Ni(PPh2N

Ph
2)2]

and force G0
A to plateau.39 However, in all of the following

examples, complete electrode passivation does not occur,
allowing the length of the induction period to be used as a proxy
for G0

A (see SI-6, ESI I† for a more detailed discussion).
Trend 1. The magnitude of a catalytic wave increases as

a function of G0
A.

The inuence of G0
A on the magnitude of the Fc+/0 anodic

wave was examined by varying the length of the induction
period from 1 to 20 seconds in a solution of 3 mM [Ni(PPh2-
NPh

2)2]
2+ and 0.65 mM Fc (Fig. 10A). By using the induction

period length to control G0
A while collecting all of the voltam-

mograms at the same scan rate, this experimental design
circumvents the complications from direct oxidation observed
Fig. 10 (A) Cyclic voltammograms of 3 mM [Ni(PPh2N
Ph

2)2]
2+ and

0.65 mM ferrocene after induction periods at a resting potential of
�1.5 V vs. Fc+/0. The length of the induction period was increased from
1 (red) to 20 seconds (grey to blue), resulting in a clear increase in
ic[Fc

+/0] along with a subtle decrease in the magnitude of the cathodic
feature for this couple. Voltammograms obtained at 0.1 V s�1 in 0.25 M
[NBu4][PF6] acetonitrile using a glassy carbon working electrode. (B)
Increase in the anodic peak current for the ferrocene redox couple as
a function of induction period length.

9844 | Chem. Sci., 2020, 11, 9836–9851
during the scan rate dependence trials described above
because, while direct oxidation is still expected to decrease
G0
A, the amount of material removed will be comparable across

the various trials. In these induction period studies, ic[Fc
+/0] is

consistently larger than the anodic peak current predicted by
the Randles–Sevcik equation (ip,a[Fc

+/0]) and monotonically
increases as a function of induction period length (t) (Fig. 10B).
This is consistent with an EC0 process (Scheme 3): increasing
G0
A will result in more catalyst turnover via solution electron

transfer which regenerates Fc that is further oxidized at the
electrode surface, thereby increasing the size of the anodic
wave.

Trend 2. The cathodic peak of the Fc+/0 couple will decrease
upon decreasing substrate consumption.

The degree of substrate consumption refers to the percent of
material consumed during the course of the scan: Gnal

A /
G0
A (Gnal

A ¼ amount of material remaining at the end of the
voltammogram). The two extremes are (1) complete substrate
consumption (Gnal

A /G0
A ¼ 0) where all deposited [Ni(PPh2N

Ph
2)2]

is oxidized and (2) the absence of substrate depletion (Gnal
A /

G0
A z 1) where the amount of deposited [Ni(PPh2N

Ph
2)2] that is

oxidized is negligible and the amount of substrate available can
be considered constant. The degree of substrate consumption
will be inversely related to the substrate-to-catalyst ratio,
dened by the excess factor g ¼ G0

A/C
0
Q. Increasing g (achieved

experimentally either by increasing G0
A or decreasing C0

Q) will
increase the amount of material that must be consumed relative
to the amount of catalyst available to consume it, ultimately
serving to decrease the degree of substrate consumption over
the course of the scan.

When complete substrate consumption is achieved, ferro-
cenium cannot be reduced through catalyst turnover and will
instead be reduced at the electrode at the typical Fc+/0 redox
couple, as was observed in voltammograms collected with a 1 : 1
ratio of [Ni(PPh2N

Ph
2)2]

2+ : Fc (Fig. 6). As the degree of substrate
consumption decreases, more ferrocenium is reduced through
catalytic turnover and, by extension, less ferrocenium is
reduced through heterogeneous electron transfer at the elec-
trode surface.28,40,41 In the voltammogram, the cathodic wave is
increasingly lost, eventually disappearing entirely.37

The anticipated loss of the cathodic wave for Fc+/0 redox
couple was observed upon increasing g. When G0

A is increased
(i.e., increasing the induction period length) while keeping the
concentration of Fc (C0

Q) constant, a subtle decrease in the
cathodic peak is seen at longer induction periods, indicating
that more Fc+ is reduced through redox catalysis as G0

A increases
(Fig. 10A and SI-6, ESI I†). Alternatively, when the concentration
of ferrocene was varied (0.1–0.6 mM) while the induction period
length was kept constant (5 seconds), a similar, but more
pronounced, relationship was observed. At the lowest
ferrocene concentration employed, the cathodic peak height of
the Fc+/0 couple was far smaller than the magnitude predicted
by the Randles–Sevcik equation and the ratio of the experi-
mental to theoretical peak current increased as a function of
ferrocene concentration, from 0.08 at 0.1 mM to 0.36 at 0.6 mM
(Fig. 11A and SI-6, ESI I†).
This journal is © The Royal Society of Chemistry 2020
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Trend 3. In the absence of substrate depletion, the catalytic
wave transitions to a S-shaped response with a limiting plateau.

When substrate depletion is absent (Gnal
A /G0

A z 1) such that
steady-state conditions are achieved, the current response will
transition from a peak-shape to an S-shaped catalytic wave.30

This transition can be seen when working with micromolar
ferrocene concentrations and long induction periods (10
seconds): the peak-shaped Fc oxidative wave transitions to
a quasi-plateau shape as C0

Q decreases from 75 to 14 mM
(Fig. 11B). The current does not reach a completely at plateau
within the experimental potential window, as predicted for
redox catalysis. We speculate this is due to in situ changes in the
electrode properties; as the scan progresses across the Fc+/
0 couple, the ferrocene-initiated reaction leads to desorption of
the inhibiting lm, resulting in changes in the electrode prop-
erties which manifest as a sloping plateau.

Trend 4. Increasing y will decrease the degree of substrate
consumption.

For a system involving a homogeneous catalyst and
substrate, the degree of substrate consumption will be inversely
related to y: increasing scan rate decreases the experimental
timescale and, by extension, the amount of time available to
consume the deposited material.28 As such, increasing y will
result in the same loss of the return feature and peak-to-plateau
transition that is observed when increasing g. In the induction
period studies described here, the relationship between scan
Fig. 11 Ferrocene titrations show how varying g using C0
Q will influ-

ence the Fc+/0 redox couple. Voltammograms collected in a solution
of 5 mM [Ni(PPh2N

Ph
2)2]

2+ with (A) 0.1 (red), 0.2 (orange), 0.3 (yellow),
0.4 (green), and 0.6 (blue) mM Fc and (B) 14 (red), 21 (orange), 35
(yellow), 48 (green), and 75 (blue) mM Fc conform to trend 2 and trend
3, respectively. Voltammograms recorded at 0.1 V s�1 in 0.25 M [NBu4]
[PF6] acetonitrile using a glassy carbon working electrode and an
induction period of 5 (A) or 10 (B) seconds with a resting potential of
�1.5 V.

This journal is © The Royal Society of Chemistry 2020
rate and substrate consumption is slightly more complex when
working at very low scan rates. In this regime, the scan rate will
also have an observable impact on the amount of deposited
substrate available for catalysis (see SI-6, ESI I† for a more
rigorous discussion). However, we hypothesized that judicious
tuning of experimental parameters (i.e., high scan rates, suffi-
ciently long induction periods) would suppress these convo-
luting factors and allow the more simple relationship between
scan rate and substrate consumption, akin to the one estab-
lished for a purely-homogeneous catalytic system, to be
isolated.

To evaluate this scan rate dependence, induction period
studies were conducted using a constant induction period
length (5 seconds) and Fc concentration (0.1 mM). Upon
increasing the scan rate from 0.05 to 2 V s�1 (Fig. 12), the trends
predicted by that more simple relationship were observed – the
cathodic peak is lost and a peak-to-plateau transition can be
observed at scan rates higher than 1 V s�1 – providing addi-
tional qualitative support that ferrocene is acting catalytically.

Induction period studies show that the properties of the Fc+/0

redox couple are governed by G0
A (Fig. 10), g (Fig. 11), and y

(Fig. 12) and that tuning these parameters generates waveforms
that conform to the characteristic shapes expected for an EC0

catalytic mechanism.42

Summary of reactivity. The reactivity identied in this work
is summarized in Scheme 4. The [Ni(PPh2N

Ph
2)2] generated upon

two successive one-electron transfers (black arrow, only the
second reduction of [Ni(PPh2N

Ph
2)2]

+ to [Ni(PPh2N
Ph

2)2] is shown
for clarity) has limited solubility in acetonitrile, leading to two
parallel reaction pathways which will depend on the local
concentration of [Ni(PPh2N

Ph
2)2]. At low concentrations,

[Ni(PPh2N
Ph

2)2] remains homogeneous and can be easily re-
oxidized to [Ni(PPh2N

Ph
2)2]

+ via direct electron transfer at the
electrode surface (red arrow). As concentration is increased,
insoluble [Ni(PPh2N

Ph
2)2] deposits begin to precipitate and

deposit on the electrode surface (blue arrow). These heteroge-
neous deposits can be directly re-oxidized at the electrode;
however, this process is kinetically limited (grey arrow). This
oxidation reaction can be catalysed by the redox mediator
Fig. 12 Cyclic voltammograms of 5 mM [Ni(PPh2N
Ph

2)2]
2+ with 0.1 mM

Fc after a 5 second induction period at a resting potential of �1.5 V.
Scan rate varied from 0.05 (red) 0.1 (orange), 0.2 (yellow), 0.3 (green),
0.5 (light blue), 1 (blue), and 2 (grey) V s�1. Voltammograms recorded in
0.25 M [NBu4][PF6] acetonitrile using a glassy carbon working elec-
trode and normalized to y1/2.
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Scheme 4 Summary of reactivity described in this work.
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ferrocene (green arrow): Fc is oxidized to Fc+ at the electrode
surface, electrochemically generated Fc+ oxidizes insoluble
[Ni(PPh2N

Ph
2)2] to generate [Ni(PPh2N

Ph
2)2]

+ and regenerate Fc,
the regenerated Fc can be further oxidized at the electrode
surface and – if substrate is still available – re-enter the catalytic
cyclic. The oxidation of [Ni(PPh2N

Ph
2)2]

+ to the starting complex
[Ni(PPh2N

Ph
2)2]

2+ may then proceed via direct electron transfer
or a similar Fc-mediated SET.
Part 3: mathematical modelling of catalytic lm dissolution
by a homogeneous redox mediator

To more deeply understand the factors controlling an EC0

reaction scheme (generically described in Scheme 5) involving
a homogeneous catalyst and heterogeneous substrate, we
developed models for analysing and simulating catalytic lm
dissolution via a diffusional redox mediator in the presence and
absence of inhibition effects. This analysis is for the oxidative
EC0 mechanism but can be readily transposed to the reductive
analogue. These models assume homogeneity throughout the
lm (thereby neglecting the inhomogeneity in lm thickness,
aggregate size, and lm diffusion coefficients which can lead to
deviations between theoretical models and experimental
results) and do not take into account competition from
delamination due to direct oxidation at the electrode surface. As
such, while the results from this theoretical treatment are
qualitatively consistent with our experimental results, these
models are not designed to reach quantitative agreement.
Digital simulations based on these models were carried out
using a customMATLAB script which is available in ESI III† (for
simulations done in the absence of inhibition) and ESI IV† (for
simulations done in the presence of inhibition effects). For the
Scheme 5 Generic EC0 reaction mechanism.

9846 | Chem. Sci., 2020, 11, 9836–9851
sake of computational tractability, this script assumes that the
concentration of the oxidized catalyst (P) is conned within
a region close to the electrode of a thickness equal to the
thickness of the lm at the start of the scan (df). The validity of
the model was tested by simulating voltammograms of the
diffusional redox mediator in the absence of electrode-adsorbed
substrate to ensure that a one-electron reversible redox couple
was generated (ESI II†).43

Modelling the EC0 reaction in the absence of inhibition. The
rst model constructed considers the case where the deposited
material has no observable inuence on the electrode proper-
ties (e.g., heterogeneous electron transfer kinetics, electrode
surface area). The basic set-up for this reaction scheme is
summarized in Fig. 13. This system is analogous to that derived
for a homogeneous catalyst-homogeneous substrate EC0 reac-
tion28,37 with one major exception: the substrate A is no longer
diffusional. As such, outside of the lm (x > df), catalyst diffusion
is the only operative process and proceeds with a diffusion
coefficient of DS. Inside the lm (x # df), the concentrations of
the catalyst Q (CQ) and intermediate P (CP) are governed by
Fig. 13 Schematic representation of a catalytic mechanism involving
a homogeneous catalyst and surface-adsorbed substrate. Diffusion of
catalyst in solution to the substrate film is characterized by a diffusion
coefficient DS. Within the film, diffusion of catalyst proceeds with
a dampened diffusion coefficient Df.

This journal is © The Royal Society of Chemistry 2020
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Fig. 14 Simulated current–potential responses for a homogeneous
catalyst-heterogeneous substrate system where the electrode-
adsorbed substrate does not influence the properties of the electrode.
(A) Varying parameter g (the experimental equivalent of increasing
C0
A) from 5 (black) to 80 (light red) at a constant value leads to an

increase in the magnitude of the catalytic wave and a loss of the return
feature. Dimensionless parametersu and l are constant across all trials
and are both set to 0.1. (B) The influence of C0

Q on the catalytic
waveform was established by concurrently increasing g and
decreasing l while keeping u at 0.1. Excess factor, g, varied from 10
(black), 20, 40, 50, and 100 (light red) and u varied from 0.1 (black),
0.05, 0.025, 0.02, and 0.01 (light red). (C) The influence of y established
by increasing u and l from 0.02 (dark red) to 0.2 (light red) with
a constant g of 60. Simulations generated using customMATLAB script
available in ESI III.†
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a diffusional term with a diffusion coefficient Df – which is
dampened relative to the solution diffusion coefficient DS – as
well as a kinetic term describing the inuence of the catalytic
reaction which proceeds with rate constant k (described by eqn
(1) and (2), respectively). In contrast, the governing equations
for the concentration of substrate (CA) depend exclusively on the
catalytic reaction (eqn (3)) leading to the following reaction-
diffusion equations:

vCQ

vt
¼ Df

v2CQ

vx2
þ kCPCA (1)

vCP

vt
¼ Df

v2CP

vx2
� kCPCA (2)

vCA

vt
¼ �kCPCA (3)

From these derivations, three dimensionless parameters
that govern the catalytic response can be identied: the excess
factor g (dened above), a dimensionless kinetic parameter l

(eqn (4)), and a dimensionless diffusion coefficient (u) (eqn (5)):

l ¼ RT

Fy
kC0

Q (4)

u ¼ DfRT

Fy
�
df
�2 (5)

where R is the gas constant, T is the temperature, and F is the
Faraday constant (see ESI II† for a full discussion of these
derivations). The appearance of C0

A, C
0
Q, and y in one or more of

these governing parameters is consistent with our experimental
work which qualitatively showed that these factors will inu-
ence the catalytic response.

Digital simulations which systematically varied each of these
governing parameters were used to explore how these parame-
ters inuence the catalytic waveform and whether these
changes conform to the chemically intuitive trends discussed
above. The current–potential traces from these simulations are
plotted in their dimensionless form, with dimensionless
current (J) and potential (x) given by:

J ¼ Idf

FSC0
QDf

x ¼ F

RT

�
E � E0

�

where E0 is the standard potential of the catalyst couple and S is
the surface area of the electrode. Increasing G0

A (corresponding
to an increase in g) results in an increase in the magnitude of
the catalytic wave and a loss of the return feature for the cata-
lyst's redox couple (Fig. 14A), consistent with trend 1 and 2
discussed above. Comparable changes are also observed upon
decreasing C0

Q, which has the effect of decreasing l and
increasing g concurrently. Upon pushing to sufficiently low
values of C0

Q, the anticipated transition of the catalytic waveform
from a peak to a plateau is observed (Fig. 14B). Varying scan rate
This journal is © The Royal Society of Chemistry 2020
– thereby decreasing u and l – leads to a comparable loss of the
return feature for the catalyst redox couple and peak-to-plateau
transition (Fig. 14C). These digital simulations are consistent
with our experimental results and provide support that, under
the conditions used during these simulations, the homoge-
neous catalyst-heterogeneous substrate EC0 reaction scheme
will follow the chemically intuitive trends discussed above.

Modelling inhibition effects. Next, we examined the case
where the deposited material inhibits charge transfer between
the electrode and species in solution. In this work, we focus
exclusively on the case where electroactive sites and blocking
Chem. Sci., 2020, 11, 9836–9851 | 9847
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Fig. 15 Simulated current–potential responses exploring the influ-
ence of inhibition for a homogeneous catalyst-heterogeneous
substrate system. (A) Comparison of the catalytic response in the
presence (solid lines) and absence (dashed lines) of inhibition when
varying ks at a constant value of q (0.9). Values of ks are 2000 (blue), 20
(red), and 0.2 (black/grey) cm s�1. (B) Simulations varying q at
a constant value of ks (0.2 cm s�1). Catalytic response in the absence of
inhibition shown as dashed red line. For electrodes coated in an
inhibiting material, fractional surface coverage set to 0.3 (orange), 0.5
(yellow), 0.7 (green), and 0.9 (blue). (C) Simulations with a constant
initial kapps value of 0.02 cm s�1 achieved by different ks–q combina-
tions. Values of ks and q set to 0.2 cm s�1 and 0.9 (black), 20 cm s�1 and
0.999 (red), and 2000 cm s�1 and 0.99999 (blue). Dashed lines
represent corresponding voltammograms in the absence of inhibition.
For all simulations, u ¼ 0.1, g ¼ 10, and l ¼ 0.1. Simulations generated
using custom MATLAB script available in ESI IV.†
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islands are small compared to the dimensions of the diffusion
layer (Scheme 6). For this lm geometry, the surface behaves
like an unblocked electrode with slower electron transfer
kinetics. As such, the electrode response can be approximated
as that of a bare electrode with an apparent heterogeneous rate
constant (kapps ) equal to (1 � q)ks, where ks is the heterogeneous
electron transfer rate constant in the absence of inhibiting
material and q is the fractional surface coverage of the elec-
trode.19,26,27 Fractional surface coverage is dened as q ¼ GA/
Gmax
A where GA ¼ CA|x¼0 is the surface concentration of the

substrate and Gmax
A is the maximum surface concentration of

the substrate at which the electrode is completely passivated
such that no current can pass.

To simulate this regime, q is calculated at each time step and
CQ, CP, and GA are calculated at each point in time and space (as
mentioned above, our simulations only consider the region
within the lm for the sake of computational tractability). The
value of kapps is dynamically updated at each time step using the
relation (1 � q)ks. The inhibited current can then be directly
calculated as a function of time using the concentration prole
of the catalyst.

Inhibition effects are not expected to impact the catalytic
voltammogram when the chemical reaction is the rate deter-
mining step.27 In this chemical reaction-controlled regime, the
catalytic response will be the same at an inhibited and unin-
hibited electrode. Deviations between the inhibited and unin-
hibited voltammogram will become increasingly pronounced as
the electron transfer kinetics decrease relative to the rate of the
chemical reaction, resulting in passage to a mixed chemical
reaction-electron transfer controlled regime when the kinetics
of the chemical step and electron transfer are comparable and
an eventual transition to a pure electron transfer-controlled
regime when electron transfer is the rate-limiting step.

This transition from the pure chemical reaction to pure
electron transfer zone is readily apparent when the electron
transfer kinetics of the underlying electrode is varied at
a constant initial surface coverage (q ¼ 0.9) (Fig. 15A). At the
highest value of ks sampled (2000 cm s�1), no differences
between the inhibited and uninhibited current are observed. As
ks decreases to 20 cm s�1, inhibition begins to have a small, but
observable inuence on the voltammogram, manifesting as
a positive potential shi for the peak potential of the catalytic
wave (Ei) relative to the response obtained in the absence of
inhibition (Eu). At the lowest ks values sampled (0.2 cm s�1), this
potential difference between Ei and Eu (DE) is far more
pronounced and curve crossing – where the current on the
return scan is higher than the current on the forward scan – can
be observed.44
Scheme 6 Geometry of inhibiting film.

9848 | Chem. Sci., 2020, 11, 9836–9851
To disentangle the conditions necessary to observe this curve
crossing, two additional sets of digital simulations were con-
ducted. In the rst, the initial surface coverage of the lm was
varied from 0.3 to 0.9 while keeping ks constant (0.2 cm s�1)
(Fig. 15B). To isolate the effect of surface coverage alone, it is
assumed that the amount of adsorbed-substrate available in the
lm is constant despite the changing q value. In the absence of
inhibition, the catalytic response grows from the redox couple
of the catalyst observed in the absence of substrate. In the
presence of inhibition, increasing q results in a shi of the
This journal is © The Royal Society of Chemistry 2020
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catalytic wave to more positive potentials, consistent with the
increasing driving force necessary to generate the same amount
of oxidized P as kapps decreases. On the return sweep, the traces
rapidly converge indicating that kapps approaches ks for all
systems, behaviour consistent with the complete consumption
of substrate. The curve crossing phenomena is a direct result of
the increase in kapps triggered by removal of the inhibiting
material. For a quasi-reversible or irreversible redox couple,
a decrease in ks triggers a shi of the anodic peak towards more
positive values and – if ks is constant during the potential sweep
– a shi of the cathodic peak towards more negative values.19,21

The increase in kapps over the course of the scan due to removal
of the material decreases the driving force required for electron
transfer and pulls the cathodic peak towards more positive
values. As q increases, the change in kapps over the course of the
scan also becomes larger. Eventually, the difference between the
effectiveness of electron transfer on the forward and return
trace becomes so large that curve crossing will be observed on
the return trace.

The next set of simulations kept the initial kapps constant
(0.02 cm s�1) while modulating the relative values of ks (0.2, 20,
2000 cm s�1) and q (0.9, 0.999, 0.99999) (Fig. 15C). Despite the
equivalent values of kapps at the beginning of the scan, these
simulations produced strikingly different voltammograms. As
discussed above (Fig. 15A), for electrodes with a ks of 0.2 cm s�1

and q of 0.9, Ei falls at far more positive potentials than Eu and
curve crossing is observed on the return trace. Increasing ks and
q to 20 cm s�1 and 0.99, respectively, decreases this potential
difference, however curve crossing is still observed on the return
scan when inhibition is considered (Fig. 15C). This is in
contrast to simulations collected with a ks of 20 cm s�1 and a q

of 0.9 where DE is negligible and no curve crossing is observed
on the return scan (Fig. 15A). However, when a kapps of 0.2 cm s�1

is accomplished by using large ks values (2000 cm s�1) and high
surface coverage (0.99999), the voltammogram for the inhibited
and uninhibited electrode are nearly identical except for a small
change in the onset potential at the foot of the catalytic wave.

These simulations highlight the importance of the electron
transfer kinetics of the underlying electrode in dictating
whether inhibition leads to observable changes in the cyclic
voltammogram. Inhibition effects will only be observed when
kapps is sufficiently small relative to ks that it forces an appre-
ciable change in the ability to maintain the Nernstian equilib-
rium at the electrode surface. When ks is large, this will
only occur at near unity surface coverages and will only be
maintained over a limited range due to the rapid increase in the
kapps as surface area is exposed. As ks decreases and the catalytic
response moves into the mixed chemical reaction-electron
transfer or electron transfer controlled regime, the voltammo-
gram response becomes increasingly sensitive to lm coverage.
In these zones, increasing q results in a greater required driving
force to generate the oxidized catalyst Q leading to a positive
shi in the potential of the catalytic wave that will eventually
manifest in curve crossing.

These simulations provide clarity into this category of EC0

reactions and provide guidance for designing analytical strate-
gies for extracting kinetic information from cyclic voltammetry
This journal is © The Royal Society of Chemistry 2020
for systems involving a homogeneous catalyst and heteroge-
neous substrate. For one, they show that the simpler model
describing the action of a homogeneous catalyst on a heteroge-
neous substrate – where the deposited material is assumed to
have no inuence on the properties of the electrode surface –

can be readily extended to the case where the adsorbed
substrate inhibits interfacial electron transfer if the chemical
reaction is the rate determining step. This would allow bench-
marking strategies derived from the simpler model to be
applied for voltammograms purely controlled by the chemical
reaction. In addition, they also highlight the enhanced sensi-
tivity of the current response to inhibition effects at the foot of
the catalytic wave. As such, while analytical methods which
extract kinetic information from the foot of the catalytic wave
have garnered widespread popularity in the analysis of purely
homogeneous systems,45,46 this enhanced sensitivity in this
potential window may hinder extension of such strategies.

Conclusions

The interplay between homogeneous complexes and surface-
adsorbed lms has important implications when evaluating
transition metal complexes for electrochemical energy storage
technology. Electrochemical deposition of heterogeneous
material is most commonly associated with degradation reac-
tions in which the oxidation or reduction of a molecular starting
material generates a heterogeneous species that is no longer
molecular in nature. In contrast, the possibility of reversible
solubility changes – where electron transfer generates a redox
state with far more limited solubility that aggregates and
deposits on the electrode surface – has received far less atten-
tion. These solubility changes are oen quite the nuisance,
particularly if slow electron transfer kinetics between the
heterogeneous molecular deposits and the electrode limit
recovery of the soluble form of the redox couple. While clever
tuning of ligand properties or experimental conditions (e.g.,
solvent) can help circumvent solubility challenges, this
approach can needlessly preclude many otherwise promising
systems.

In this work, we rigorously analyse the electrochemically-
driven solubility cycling of homogeneous [Ni(PPh2N

Ph
2)2]

2+ in
acetonitrile. The limited solubility of the doubly-reduced
product leads to precipitation and deposition of molecular
[Ni(PPh2N

Ph
2)2], a process which is self-inhibiting due to the

passivating nature of the heterogeneous deposits. While direct
oxidation of this molecular material at the electrode surface is
possible, this electron transfer is limited by poor electron
transfer kinetics. Using this platform, we demonstrate how
a freely diffusing redox mediator (ferrocene) – which shuttles
electrons between the electrode and the insulating material –
can be used to overcome these slow electron transfer kinetics,
enabling catalytic regeneration of soluble [Ni(PPh2N

Ph
2)2]

2+.
Cyclic voltammetry was used to qualitatively explore how this
unique reaction scheme will manifest in electrochemical data.
Alongside this case study, two mathematical models were
developed that corroborated the qualitative analysis derived
from experimental results and identied the parameters
Chem. Sci., 2020, 11, 9836–9851 | 9849
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governing the electrochemical response in the absence and
presence of inhibition effects. Digital simulations based on this
theoretical treatment provide insight into the critical role of
interfacial electron transfer kinetics between the electrode and
the homogeneous redox catalyst in dictating how inhibition
effects manifest in electrochemical data. One benet of this
strategy is that the redox mediators which are facilitating elec-
tron transfer to the molecular deposits are homogeneous,
making this approach applicable to both electrode-adsorbed
materials and – when coupled with an appropriate hydrody-
namic set-up – molecular nanoparticles suspended in solution.
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