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The immobilisation of electrocatalysts for CO, reduction onto
light harvesting semiconductors is proposed to be an
important step towards developing more efficient CO,
reduction photoelectrodes. Here, we report a low cost nickel
cyclam complex covalently anchored to a metal oxide surface.
Using transient spectroscopy we validate the role of surface
immobilisation on enhancing the rate of photoelectron
transfer. Furthermore [Ni(1,4,8,11-tetraazacyclotetradecane-
6-carboxylic acid)]*" (2) is shown to be a very active
electrocatalyst in solution.

The photoelectrochemical reduction of CO, to products such as
carbon monoxide, formic acid and methanol is receiving intense
interest. 2 When coupled to a water oxidation photocatalyst, light
driven CO, reduction offers a sustainable route to carbon-based fuels
from renewable feedstock. However, to date, the efficiency of such
approaches has remained unfeasibly low and significant challenges
remain including high electron-hole recombination vyields, low
selectivities towards CO, and the use of high cost materials and
solvents.

Photoelectrochemical reduction of CO, in water is particularly
challenging, as competitive proton reduction occurs at similar
potentials.®> A promising approach to obtaining higher selectivity
towards CO, reduction over H, production and increased solar to
fuel efficiencies is to introduce a molecular electrocatalyst with a
high selectivity towards CO,.* Numerous studies have explored the
use of photocathodes to drive electrocatalysis in solution.®
Immobilisation of the electrocatalyst directly onto the photocathode
surface to form a hybrid photoelectrode is also receiving increasing
interest due to anticipated improvements in the rate of charge
transfer to the molecular catalyst and in the stability and recyclability
of the system.® Immobilisation of a molecular catalyst either within a
polymer or by electropolymerisation has been explored in several
studies,” & including using [Re(bpy)(CO);Br] and [Co(bpy)s]**, with
marked improvements in photoelectrochemical activity towards CO,
being achieved. A series of studies® ° explored the
electropolymerisation of ruthenium electrocatalysts onto InP and
GaP photoelectrodes with an overall solar to fuel efficiency of 0.14
% being reported for a SrTiOs/InP/Ru device for the production of
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formate from water and CO,. In contrast to the number of polymer-
immobilised systems, few examples of directly anchored molecular
catalysts are known, despite offering potential advantages over the
control of the catalyst binding modes, which is highly desirable for
optimising charge transfer at the semiconductor/catalyst interface. In
2010, Sato et al.> ! reported the immobilisation of a ruthenium-
based molecular electrocatalyst modified with carboxylic acid or
phosphonic acid binding groups onto p-type N-Ta,Os for use as a
photocatalyst in CH3;CN. Significantly this study showed that the
photocatalytic activity of the hybrid material far exceeded that of the
two-components simply mixed in solution, with related transient
absorption spectroscopy (TAS) measurements identifying charge
transfer from the semiconductor to the immobilised electrocatalyst as
a potentially significant factor.’? Recently Ishitani et al. reported that
[Ru{4,4’-CH,PO3H,),-2,2’-bipyridine}(CO),Cl,] immobilised on g-
C3N, is an active photocatalyst for reducing CO, to formic acid with
a selectivity of > 80 % and a turnover number (TON) of > 200.%® The
same group has also explored the binding of ruthenium catalysts to
TaON for CO, reduction.**
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Figure 1: (a) [Ni(cyclam)]z" (1) was functionalised on the carbon backbone with a
carboxylic acid group to yield (2) for anchoring to metal oxide electrodes. (b) X-
ray structure of 2. H atoms, except for those bound to N or O, are emitted for
clarity (details in ESI).

To the best of our knowledge, all of the examples of directly
immobilised CO, molecular electrocatalysts on light absorbing
semiconductors have either employed high cost metal centres (e.g.
Ru)® or complete enzymes.® Here we explore the covalent
immobilisation of a low cost [Ni(cyclam)]** (cyclam = 1,4,8,11-
tetraazacyclotetradecane, (1)) derivative to metal oxide
photoelectrodes. [Ni(cyclam)]** and its derivatives are widely
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studied electrocatalysts due to their high stability and selectivity
towards the reduction of CO, to CO in water on mercury
electrodes.’®® Furthermore this class of catalyst is weakly coloured
(e4.q ~ 10-50), thereby avoiding detrimental inner-filter effects when
used as the catalyst in a sensitised photocatalytic system.
Photocatalytic CO, reduction has been reported for solutions
containing 1 and a molecular photosensitiser such as [Ru(bpy)s]*
(where bpy = 2,2’-bipyridyl),”> 2 and for supramolecular systems
consisting of ruthenium polypyridyl complexes covalently linked to
1.22 3 [Ni(cyclam)]** has also been used in solution with a range of
p-type photoelectrodes such as p-Si, p-GaP or p-GaAs,>? which
demonstrates the viability of using derivatives of 1 as catalysts in a
light-driven system.

The synthetic procedure for the dichloride salt of 2, a
[Ni(cyclam)]?* complex modified with a carboxylic acid group for
binding to metal-oxide surfaces, is described in the ESI. We
identified functionalisation of the carbon backbone as an appropriate
route as it is known that the presence of the quaternary N-H protons
within 1 are critical in aiding CO, binding and catalysis, with
functionalisation of the amine groups leading to decreased
selectivity.?” 2 The single crystal X-ray structure of the complex
(Fig. 1) shows the nickel centre to have a slightly distorted
octahedral coordination geometry (cis angles in the range 85.51(8)°
to 95.01(8)°), with the two chlorine ligands occupying the axial sites.
In the crystal, the complex assumes a R,RS,S (trans-1lI)
conformation.?® In agueous solution, 1 primarily adopts a square
planar configuration; however, in contrast, UV/Vis studies of 2 (Fig.
S8) indicate the presence of a mix of octahedral and square planar
geometries in aqueous solutions.*® In line with these observations,
the *H-NMR for complex 2 in D,O presents a mix of very broad and
resolved peaks, characteristic of species exhibiting a degree of
paramagnetism.
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Figure 2: CV of ca. 1 mM solutions of 1 (a) and 2 (b) recorded in 0.1 M NaClO, at
pH 5 purged with either argon (black line) or CO, (red line) recorded at 100 mvs™?
using a HMDE electrode (0.023 cm'z). The inset shows an expansion of the Ni'!
couple under argon, see also figure S4.

A very small number of studies have demonstrated that by
careful control of the complex geometry it is possible to develop
nickel cyclam derivative CO, reduction electrocatalysts with higher
turnover frequencies and lower onset potentials; ' & 3! however
more typically cyclam modification is found to have significant
detrimental effects on the electrocatalytic activity towards CO,.
Therefore it is interesting to also assess the electrocatalytic activity
of 2 in solution. Cyclic voltammograms measured in 0.1 M aqueous
NaClO, at pH 5 on a hanging drop mercury electrode SHMDE) are
shown in Fig. 2 and Figs. S4-S6. On the HMDE the Ni'"' couple of 2
under argon appears at -1.55 V vs. Ag/AgCl, close to that of the
unmodified complex 1 (-1.50 V vs. Ag/AgCl, inset in Fig. 2a)*°, and
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a reversible Ni'" couple for 2, studied under argon on a glassy

carbon working electrode at 0.43 V (vs. Fc/Fc*, ca. 0.8 V vs
Ag/AgCI) is also noted (Fig. S1-S3). Under CO, a large increase in
current is observed for both 1 and 2 at potentials close to that of
Ni'"" under argon. In-line with the known activity of 1, this is
assigned to the electrocatalytic reduction of CO, to CO.* Bulk
electrolysis measurements carried out at -1.4 V (vs. Ag/AgCl) using
an Hg-Au amalgam working electrode and 10* M solutions of 2 in
0.1 M NaClO, confirm that the large current enhancement under
CO, is due to electrocatalytic CO, reduction to CO. An excellent
selectivity towards CO, reduction is achieved with a CO:H, product
ratio of ~100:1 as measured by headspace gas chromatography, with
a combined Faradaic efficiency of 88 % and a turnover number for
CO, reduction of 5.3 within 1 hour, indicating that modification of
the carbon backbone of the cyclam ligand has not notably decreased
the catalytic activity of 2 (Fig. S7). To further assess the
electrocatalytic activity of 2 we have measured the ratio of the peak
currents in the absence (ip) and presence (i,.) of the CO, substrate,
which is a commonly used method to estimate electrocatalytic
activity. Here we estimate iy/i, ~ 48 for complex 2 which is slightly
greater than the value for 1 (ip/i, ~ 31). This could be taken to
indicate enhanced catalytic activity, however it is important to note
that the electrocatalysis onset is ~ 50 mV more cathodic for 2 (-1.27
V) than 1 (-1.22 V) and that accurate determination of i, for 2 is
complicated by the onset of hydrogen reduction at these negative
potentials. Instead, in-line with a previous study on related
complexes,’® a Tafel analysis was employed to provide a more
detailed analysis of the electrocatalytic activity of 2 (Fig. 3).
Analysis of the slow scan rate (2 mV s?) linear sweep
voltammograms (LSVs) for 2 reveals that a significant pre-wave
exists at overpotentials less than -0.6 V. Similar pre-waves have
been observed for other modified nickel cyclams and they correlate
to the adsorption and geometric reorganisation of the catalyst'®. The
slopes of the Tafel plots for 2 and 1 are found to be indistinguishable
(56 mV/decade) for overpotentials between -0.61 and -0.99 V, the
region confirmed where CO, reduction occurs (Fig. S7), further
reinforcing that functionalisation of the cyclam structure has not
detrimentally altered the electrocatalytic activity on mercury at pH 5.
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Figure 3: Plots of CO, reduction overpotential (pH = 5) vs. log of current density

for catalysts 1 and 2. Calculated from LSVs at 2 mV s'in 0.1 M NaClO, electrolyte

containing 1 x 10* ™M catalyst. Overpotentials were calculated from the

thermodynamic potential for CO, reduction at pH =5 (- 0.41 V vs. NHE)m.

The presence of a suitable binding group on 2 permits the
immobilisation of this catalyst onto metal oxide electrodes. Binding
of 2 to semiconductor surfaces was performed by dip-coating
nanocrystalline (nc) TiO, films (particle ¢ ~ 20 nm, film 3 pm thick)
on FTO glass in a 2 mM ethanolic solution of the catalyst for 48
hours. Catalyst uptake was evaluated and quantified by both
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measuring the decrease in absorbance of 2 in the soaking solution
using UV-vis spectroscopy and through desorption of 2 from the
surface using 1 M NaOH; typical experiments resulted in
approximately 1000 molecules of 2 bound per TiO, nanoparticle (see
ESI for calculations). The binding mode of 2 to nc-TiO, films was
examined using FTIR spectroscopy (Fig. S9) which showed a clear
shift in the v(C=0) frequency of the carboxylic acid group of 2 when
compared to that of the unbound solid sample. Careful analysis of
the splitting of the asymmetric and symmetric stretching modes of
the carboxylate group indicates that 2 is likely to be bound in a
monodentate manner through this group to the TiO, surface.
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Figure 4: Cyclic voltammograms of nc-TiO, (red) and nc-TiO,/2 (black) under
argon in 0.1 M (But)sNPFs/MeCN. v = 100 mV st

High surface area n-type semiconductors such as nc-TiO, have
been explored as supports for reductive electrochemistry in the
dark.®? In contrast to traditional conductive electrodes the redox
species of interest is only observed at potentials close to, or negative
of, the conduction band edge, i.e. when the semiconductor is no
longer acting as an insulator.®? The energy of the TiO, conduction
band (CB) edge is dependent upon both the solvent and the nature of
the electrolyte ions studied.®® In very dry aprotic solvents such as
CH;CN with (But);NPFs the CB potential is ca. - 2.1 V (vs.
Ag/AgCI),® sufficiently negative of the solution Ni'”" potential of
complex 2. Here we have examined the electrochemistry of both 1 in
solution with a TiO, electrode and of 2 immobilised on a TiO,
electrode in CH;CN. In the absence of a catalyst the CV of nc-TiO,
in CH3;CN shows behaviour associated with the charging and
discharging of trap states close to the conduction band edge, in line
with previous reports, Fig. 4.3* ® In contrast the electrochemical
response of nc-TiO,/2 is markedly different with the presence of a
new reductive feature at -1.5 V (vs. Fc/Fc*), assigned to the
reduction of the Ni" of complex 2, indicating that the catalyst
remains electrochemically active on the semiconductor surface and
that electron transfer from the semiconductor to the catalyst is
achievable. The dependence of the current response on increasing
scan rate (Fig. S12) indicates the absence of diffusion contributions,
in line with a surface bound species. Controls experiments using a
blank nc-TiO, electrode with either 1 or 2 in solution showed no
features assignable to the Ni'"' redox couple (Figs. S10, S11).
Addition of CO, to the nc-TiO,/2 system does lead to an initial
increase in cathodic current, which may indicate electrocatalytic
activity (Fig. S13), however the system is found to be insufficiently
stable under CO, for bulk electrolysis experiments. Interestingly we
also find that the potential of the Ni'"" reduction of 2 on TiO; in
CH4CN (- 1.4 V vs. Fc/Fc*, ca. -1.1 vs. Ag/AgCl) is shifted
anodically compared with on a mercury electrode at pH 5 under
argon, demonstrating a potential advantage of the immobilised
system.

As the yield of photoelectron transfer across the
catalyst/semiconductor interface is likely to be a critical factor in
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determining overall photocatalytic efficiency, it is important that the
fundamental design rules controlling electron transfer to
immobilised catalysts are explored. In order to identify if
photoinduced electron transfer can occur from the semiconductor
electrode to the immobilised cyclam complex 2, we have studied
TiOy/2 in deaerated CH3;CN in the presence of triethanolamine
(TEOA, 0.1 M) using TAS. TAS has been widely used to study the
dynamics of photoelectrons and holes in TiO, and it is known that
conduction band photoelectrons have an absorption feature at
wavelengths greater than 800 nm.* Following direct band gap
excitation (355 nm, 6 ns) of nc-TiO, in the absence of either 1 or 2
with TEOA as the hole scavenger we observe a very long-lived
transient absorption signal at 900 nm, that decays with t5q, = 0.8 s,
Fig. 5. This TAS signal is assigned to long-lived TiO,
photoelectrons, as electron-hole recombination processes are
suppressed due to the rapid scavenging of holes by TEOA.¥ In
contrast, TAS experiments on TiO,/2 recorded under identical
conditions show a rate of photoelectron decay (tsgy, = 1.2 ms) that is
over two orders of magnitude faster than the control experiment of
bare TiO,. The rapid decay of the TiO, photoelectron signal
indicates that efficient electron transfer from the TiO, to the
immobilized catalyst occurs, in good agreement with our earlier
electrochemical studies that demonstrated electron transfer from the
conduction band of TiO, to the Ni'""' couple is thermodynamically
viable (Fig. 4). We have also carried out experiments of unmodified
TiO, electrodes with complex 1 (ca. 1 x 10 M) in solution to
explore the role of surface immobilisation on electron transfer
kinetics and these data reveal that electron transfer from the metal
oxide to [Ni(cyclam)]?* in solution is an order of magnitude slower
(tsoss = 20 ms) than that observed for the hybrid TiO,/2 system,
confirming that direct covalent immobilisation markedly improves
the rate of photoelectron transfer to the electrocatalyst.
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Fig. 5 Transient absorption decays of (a) unmodified TiO, (black), TiO,/2 (blue)
and TiO, with 1 10™ M in solution (green) and (b) Ti;,ZrO;, (black) and Ti;ZrO,/2
(blue) measured in CH3CN with 0.1 M TEOA. The samples were excited at 355 nm
(350 pJ/cmZ) and probed at 900 nm. The samples were purged under N, for 15
min prior to measurements. A useful measure for the kinetics of the process is
tsoy; (dotted lines), which represents the time delay by which the vyield of
photoelectrons has dropped by 50% when compared to an initial concentration,
here defined to be the photoelectron yield at 4 microseconds.

A very recent study on water splitting systems has shown that a
key parameter controlling the rate of photoelectron transfer is the
distance between the semiconductor and the catalytic core.*’ It is
however also important to understand the role of the thermodynamic
driving force on the rate of photoelectron transfer. Here we have also
immobilised complex 2 on a mixed Tiy.,Zr,O, film (x = 0.2, see
Figs. S14, S15). It has been previously shown that Ti,.,Zr,O, has a
conduction band edge that is shifted by ca. 150 mV vs. nc-TiO, and
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this is also confirmed through spectroelectrochemical measurements,
Fig. S16. TAS measurements on Tiy,Zr,0,/2 show a marked
increase in the rate of photoelectron decay (tsqy, = 800 ps) when
compared to a Tiy,Zr0O, film in the absence of the catalyst (tsgy =
500 ms), indicating that photoelectron transfer to 2 from Ti,.,Zr,0O,
is occurring (Fig. S17). The faster rate of electron transfer in Tiy.
«Z10,/2 is in-line with the increased thermodynamic driving force
for electron transfer (~0.65 eV, Table S1) when compared to TiO,/2
(~0.5 eV, t5o0 = 1.2 ms), indicating that optimisation of the driving
force for electron transfer to the catalyst is also an important
parameter for achieving efficient charge transfer.

Conclusions

Here we report on the immobilisation of a low-cost nickel cyclam
derivative to semiconductor materials with potential applications for
high surface area electrochemistry and photoelectrochemical CO,
reduction. To the best of our knowledge this represents the first
example of a photo-driven nickel cyclam covalently anchored to a
semiconductor surface. Initial studies have indicated that 2 is a
promising electrocatalyst for immobilisation as it is able to accept
photoelectrons from semiconductor materials including TiO, and
TiZrO, in aprotic solvents. However issues regarding stability
need to be addressed for stable photoelectrochemical CO, reduction
to occur in protic solvents; a promising approach may be to explore
secondary polymer encapsulation as this is known to enhance the
stability of immobilised coordination compounds on TiO, without a
detrimental effect on the electrical properties.®® A key component of
this study is a fundamental assessment of the factors controlling
charge transfer to molecular electrocatalysts which confirms the
effectiveness of the approach of hybrid covalently immobilised
molecular/semiconductor system for enabling efficient photoelectron
transfer.
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