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Electrochemical conversion of CO2 into CO using metal complex/carbon-based heterogenized
hybrids can be both highly efficient and selective. How the molecular complexes are
immobilised on the carbon substrates and participate in the electrocatalytic reactions that yield
CO2 reduction is not always well understood. In this work, a highly soluble and sterically
hindered cobalt(II) octaalkoxyphthalocyanine was successfully immobilised on chemically
converted

graphene

via

π-π

stacking.

In

comparison

to

an

analogous

cobalt

phthalocyanine/graphene catalyst, the alkoxy substitutions helped to suppress the phthalocyanine
aggregation on the graphene sheets, resulting in a significantly enhanced catalytic activity by a
single phthalocyanine molecule (4.7 s-1 at 480 mV overpotential) with stable CO conversion over
30 h electrolysis.
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Electrochemical carbon dioxide (CO2) reduction is being extensively investigated as a way to
convert environmental CO2 into fuels and value-added chemicals such as CO, formic acid,
methane, alcohols or higher molecular weight hydrocarbons.1-7 CO is an essential industrial
building block for not only the synthesis of acetic acid via the Monsanto process, but also
aldehyde production using alkenes and H2 by the hydroformylation reaction.8 Furthermore, a
mixture of H2 and CO (syngas) is utilized for the synthesis of straight-chain alkanes, ideally for
diesel fuel, by Fischer-Tropsch catalysis.9-11
For CO generation by electrocatalytic CO2 reduction, in particular, homogeneous catalysts
consisting of molecular complexes dissolved in organic or aqueous solvent have been widely
investigated owing to their high selectivity for the desirable products and value in probing the
mechanism of the catalytic reaction using well-designed molecular structures.12-18 Moreover,
various molecular complexes have been recently immobilised on solid substrates, showing
improved CO2 conversion performance compared to homogeneous CO2 reduction catalysts.19-28
Furthermore, heterogeneous CO2 reduction catalysis is considered ideal for practical
applications.29,30
One of the most common solid substrates reported is carbon nanotubes (CNTs) on which
various Co(II) phthalocyanines have been immobilised via non-covalent interactions,23,31
affording at best efficient CO production of 95% faradaic efficiency (FE) by CO2 electrolysis
over 10 h.23 However, as a result of their planar structure, phthalocyanines readily form J- and/or
H-aggregates,32 that have significant impacts on catalytic behaviour. Zhu et al. have
demonstrated that poor electron transport through phthalocyanine aggregates significantly
hampers electron accessibility to catalytically active CO2 reduction centres.33 In addition, the
aggregation of phthalocyanines results in low solubility, leading to processing challenges.
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Herein, we immobilised a highly soluble and sterically hindered Co(II) phthalocyanine (CoPcA, Figure 1a), having octalkoxy groups on the heterocycle periphery, onto chemically converted
graphene (CCG) via π-π stacking. We then investigated this as a heterogeneous CO2 reduction
catalyst (CCG/CoPc-A). In contrast to the analogous reduction catalyst comprised of Co(II)
phthalocyanine (CoPc, Figure 1b) itself and CCG (CCG/CoPc), the CCG/CoPc-A composite
gave an enhanced catalytic activity as a result of the long alkoxy chains reducing aggregation.
This produced an improved turnover frequency (TOF) of 4.7 s-1 (1.8 s-1 for CCG/CoPc) for CO
production at the same overpotential (-0.59 V). Notably, the catalyst had good stability over 30 h,
exhibiting a CO FE conversion of 75%.
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Figure 1. a) Molecular structure of CoPc-A. b) Molecular structure of CoPc. c) UV-Vis
absorption spectra of CoPc-A and the CCG/CoPc-A hybrid. d) UV-Vis absorption spectra of
CoPc and the CCG/CoPc hybrid. e) Raman spectra of CCG, CoPc-A and the CCG/CoPc-A
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hybrid. f) Raman spectra of CCG, CoPc and the CCG/CoPc hybrid. g) XPS spectra for the Co 2p
region of the CCG/CoPc-A and CCG/CoPc hybrids.

The synthesis of CoPc-A and its immobilisation on CCG are summarised in Figure S1 (see
Methods section in the Supporting Information for more details). As a control catalyst, CoPc was
also immobilised on CCG to give the CCG/CoPc hybrid following the same procedure as for the
CCG/CoPc-A hybrid. Both catalysts and the interactions between the phthalocyanine molecules
and CCG were characterised by UV-Visible, Raman, X-ray photoelectron spectroscopy (XPS),
and transmission electron microscopy with energy-dispersive X-ray spectroscopy (TEM-EDS).
The absorption spectra of both hybrids (DMF dispersion) were obtained in the range 300–800
nm (Figures 1c and d). The absorption spectra of CoPc-A (Figure 1c) and CoPc (Figure 1d)
showed three characteristic peaks with two Q-bands (580-700 nm), and a broad B-band around
320 nm, typical of metallated phthalocyanines.34 In the CCG/CoPc-A hybrid, a red-shift of 12-13
nm was observed for both Q-bands, indicating that the CoPc-A molecules had been successfully
immobilised on the CCG by π-π interactions.35,36 In contrast in the CCG/CoPc hybrid (Figure 1d),
larger Q-band red-shifts (18-25 nm) were observed for the CoPc bound to CCG, indicative of a
stronger electronic interaction between the non-alkoxylated phthalocyanine and the CCG, as
observed by Xu et al. for sterically different porphyrins.37 This was expected given the flatter
nature of CoPc compared to CoPc-A with its relatively bulky alkoxy chains. Notably, the largest
Q band of the CCG/CoPc hybrid (675 nm, Figure 1d) appears to be comprised of more than one
peak, likely due to the presence of J- and/or H-aggregates. In contrast, the same Q band of the
CCG/CoPc-A hybrid appears to have less contribution from a second aggregate peak although
this is difficult to determine given the smaller peak intensity.
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Raman spectra of each hybrid were obtained to confirm the structural changes (Figures 1e and
f). As previously reported, the Raman spectra of CCG showed two peaks at 1330 and 1586 cm-1,
corresponding to the D and G bands, respectively.38 After immobilisation of each phthalocyanine
on the CCG, it was found that the G bands of the CCG/CoPc-A and CCG/CoPc hybrids shifted
2-4 cm-1 toward lower wavenumbers, which is attributed to π-π stacking between the
phthalocyanine molecules and CCG.39-41 In addition, the CCG/CoPc-A hybrid showed no
differences in the ID/IG band intensity ratio, compared to that for CCG, whilst a clear increase in
the ID/IG ratio from 1.56 to 1.74 was observed in the CCG/CoPc hybrid. In contrast to the more
sterically bulky CoPc-A, the flatter CoPc would be expected to interact more closely with the
CCG, effectively changing the degree of aromatic character of the CCG, leading to the change in
ID/IG ratio. Moreover, most of the typical peaks from the phthalocyanines were still observed in
both hybrids with the CoPc bands, in particular, dominant over the graphene bands (Figure 1f).
As observed by Zhang et al. for a high concentration of CoPc on MWCNTs,23 this implies a
significant degree of phthalocyanine molecular aggregation as indicated by the broadened Qband in the UV-vis spectrum. On the other hand, the CCG/CoPc-A hybrid peaks are somewhat
less intense (Figure 1e) indicative of significantly less aggregation as suggested by its UV-vis
spectrum.
X-ray photoelectron spectroscopy (XPS) was performed to characterise the cobalt oxidation
state of both hybrids (Figure 1g). As apparent in the Co 2p spectrum of CCG/CoPc-A and
CCG/CoPc hybrids, Co 2p3/2 and Co 2p1/2 are clearly observed in both hybrids with two related
satellites that confirm the Co2+ oxidation state.42-44
The morphology of the CCG and phthalocyanine hybrids was investigated by TEM. As can be
seen in the low magnification bright field TEM images (Figure S2), all materials showed similar
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morphology. Moreover, EDS mapping was undertaken on the CCG/CoPc-A hybrid, showing a
homogeneous distribution of Co and N over the composite material (Figure S3).
Square wave voltammetry (SWV) was carried out to clarify the effect of molecular structure
on the electrochemistry of the CoPc-A and CoPc on CCG (Figure S4). As reported in previous
literature, CoII/CoI reduction waves were clearly observed at around -0.5 V (all potentials in this
paper are presented vs. the reversible hydrogen electrode, RHE)23,45 for both composites,
indicating that the electron donating alkoxy chains did not significantly affect the electron
density of Co in the CCG/CoPc-A hybrid.
The amount of electrochemically active CoPc-A or CoPc on the CCG surface of the modified
electrode was estimated by integrating the CoI/CoII oxidation wave observed in cyclic
voltammograms of each hybrid and found to be 1.4 × 10-9 and 9.0 × 10-10 mol cm-2 for
CCG/CoPc and CCG/CoPc-A hybrid, respectively (Figure S5 and Methods section in the
Supporting Information). Compared to the electrochemically active amount of CoPc on CCG, a
lower amount of active CoPc-A was obtained in the CCG/CoPc-A hybrid, which was likely due
to the bulky alkoxy substituents as well as the smaller degree of aggregation by CoPc-A as
discussed above (see Figure 1). In addition, while the amount of both electrochemically active
phthalocyanines was lower than previously obtained for CoPc on MWCNTs (2 x 10-8 mol cm2 23

),

this is perhaps not surprising given the likely high number of defects on the CCG basal

plane that could have limited phthalocyanine binding.
The electrocatalytic reduction of CO2 was investigated using both CCG/CoPc and CCG/CoPcA hybrids deposited on carbon fibre paper (1 cm2 geometric area) in CO2-saturated 0.1M
KHCO3 electrolyte (pH 6.8) at room temperature (see Methods section). As a control catalyst, an
analogous CO2 reduction was performed using CCG itself. Even though CCG gave a high
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current density (13 mA cm-2 at -1.2 V) under CO2, all charge was found to be entirely utilised for
H2 evolution (~100% FE) (Figure S6).
For electrochemical CO2 catalysis with the CCG/CoPc-A hybrid, a higher total current density
compared to the CCG/CoPc hybrid catalysis was obtained under the same conditions, as shown
in Figure 2a, even though the CCG/CoPc-A hybrid had a smaller number of electrochemically
active phthalocyanines.

Figure 2. a) Total current density of CCG/CoPc-A and CCG/CoPc hybrids in CO saturated
2

electrolyte. b) Faradaic efficiencies of CCG/CoPc-A (red lines) and CCG/CoPc hybrid (blue
lines) for CO (filled circles) and H (open circle) and the error bars represent the standard
2

9

deviation of the average of three measurements. c) TOFs for CO production by CCG/CoPc (blue
bar) and CCG/CoPc-A (red bar) hybrids at different applied potentials. d) Mass current density
for CO production.

In line with this observation, following gas analysis, it was found that the CCG/CoPc-A hybrid
had a slightly higher catalytic conversion efficiency for CO generation (Figure 2b). In particular,
the CO FE for the CCG/CoPc-A hybrid was more than 77% at -0.59 V whilst the CCG/CoPc
hybrid gave 63% FE at the same potential although it achieved a comparable FE at -0.69 V, a
100 mV higher potential. TOFs were calculated based on the results of electrolysis at different
overpotentials in order to compare the intrinsic catalytic activity of each hybrid. As can be seen
in Figure 2c, the CCG/CoPc-A hybrid showed much higher TOFs for CO production, compared
to that of the CCG/CoPc hybrid. For example, the CCG/CoPc-A hybrid TOF (4.7 s-1) was 2.5
times higher than that of the CCG/CoPc hybrid (1.8 s-1) at -0.59 V. Furthermore, the highly
active CCG/CoPc-A hybrid reached 197 A mg-1 for a single Co active site at -0.89 V, which is
more than double the mass current density for CO production by the CCG/CoPc hybrid (Figure
2d). Consequently, the CCG/CoPc-A hybrid catalytic performance was comparable to current
state-of-the-art immobilised metal complex electrocatalysts for the conversion of CO2 into CO
(Table S1) and, given the order of magnitude lower number of active sites, substantially
outperforms many of the electrocatalysts.
The stability of the hybrid catalysts was investigated over 30 h at -0.69 V, the potential
generating a maximum CO FE (Figure 3). Both the CCG/CoPc and CCG/CoPc-A hybrids
showed very stable CO FE with a small decay of 5% in CO FE. Interestingly, the CCG/CoPc
hybrid showed stable current density of 1.8 mA cm-2, whilst the current density of CCG/CoPc-A
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gradually increased up to 5.0 mA cm-2, which may be attributed to the rearrangement of CoPc-A
on the CCG with prolonged electrolysis. After 20 h electrolysis, the number of electrochemically
active phthalocyanines was calculated by measuring the CV of the catalyst (Figure S7). While
the CCG/CoPc hybrid exhibited a slightly increased number of active sites (1.8 × 10-9 mol cm-2),
the electroactive CCG/CoPc-A catalyst increased nearly 3 times (3.1 × 10-9 mol cm-2) after the
20 h. TOFs were calculated after 30 h electrolysis using the increased number of active sites,
resulting in TOFs of 3.8 and 6.2 s-1, corresponding to 410,400 and 669,600 TONs, for the
CCG/CoPc and CCG/CoPc-A hybrids, respectively. The larger TOF and TON obtained for the
CCG/CoPc-A hybrid support the proposal that the long alkoxy chains help to give relatively well
dispersed and less aggregated phthalocyanines on the graphene sheets, compared to the CoPc.33
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Figure 3. Long-term stability of a) CCG/CoPc hybrid and b) CCG/CoPc-A hybrid at -0.69 V
(corresponding to the overpotential of 580 mV) for 30 h electrolysis in 0.1 M KHCO aqueous
3

electrolyte. The green asterisk (*) indicates the measurement of CV to quantify the active
amount of phthalocyanines (Figure S7).

In order to gain some mechanistic insight into the CO2 reduction, Tafel analysis was
undertaken (Figure S8). Linearly increasing plots were obtained with a slope of 172 and 170 mV
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dec-1 for the CCG/CoPc-A and CCG/CoPc hybrids, respectively. As might be expected for such
similar structures, this indicated that the initial electron injection into CO2 molecules for the
formation of anionic CO2- intermediates can be considered as the rate-determining step for both
hybrids.46
Therefore, it would appear that the improved CCG/CoPc-A hybrid catalytic behaviour is
primarily due to the different aggregation behaviour of the CoPc-A and CoPc molecules on CCG,
similar to that observed by Zhang et al., who showed sluggish reduction behaviour of CoII to CoI
leading to poorer electrochemical CO2 reduction with increasing Co phthalocyanine aggregation
on MWCNTs.23 This appears to be reflected in the significant difference in catalytic performance
of the two hybrids at lower overpotentials that disappears as the overpotential is increased
(Figure 2b). This suggests that when there is less aggregation as depicted for the CCG/CoPc-A
hybrid in Figure 4, the lower driving force (lower overpotential) for electron transfer could lead
to more efficient catalyst reduction than for a highly aggregated catalyst such as the CCG/CoPc
hybrid. However, at higher potential and, therefore, higher electron driving force, the effect of
aggregation is diminished and both catalysts show similar CO FEs. Therefore, the more efficient
performance of the CCG/CoPc-A hybrid (higher TOF/TON) likely results not only from its ease
of reduction but also accessibility of the catalyst to CO2; a catalytically active phthalocyanine
buried in an aggregate could not so easily participate in CO2 reduction.
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Figure 4. Proposed CO catalysis mechanism on the CCG/CoPc and CCG/CoPc-A hybrids.
2

In summary, the effects of the alkoxy chains on the CCG/CoPc-A hybrid on its electrocatalytic
reduction of CO2 to CO were investigated by comparing it to a control catalyst, an unsubstituted
phthalocyanine CCG/CoPc hybrid. The alkoxy substituents helped to suppress the
phthalocyanine aggregation on the graphene sheets, resulting in significantly higher catalytic
activity per single CoPc-A molecule (4.7 s-1 at -0.59 V), compared to that for the CCG/CoPc
hybrid (1.8 s-1 at -0.59 V). Moreover, the highly active CCG/CoPc-A hybrid showed long term
stable CO production affording 6.2 s-1 TOF and 669,600 TON for CO evolution over 30 h
electrolysis, one of the best activities for CO2 catalysis to CO compared to other immobilised
metal-complex electrocatalysts.
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