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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 (CoPc-

A, 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 Q-

band 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 cm-

2),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/CoPc-

A 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 CO2 saturated 

electrolyte. b) Faradaic efficiencies of CCG/CoPc-A (red lines) and CCG/CoPc hybrid (blue 

lines) for CO (filled circles) and H2 (open circle) and the error bars represent the standard 
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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 KHCO3 aqueous 

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 CO2 catalysis mechanism on the CCG/CoPc and CCG/CoPc-A hybrids. 

 

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. 



 15 

ASSOCIATED CONTENT 

Supporting Information. Materials and experimental methods including the synthesis of CoPc-

A and the immobilisation of phthalocyanines on CCG; Figures including TEM images of CCG, 

CCG/CoPc and CCG/CoPc-A hybrids, TEM-EDS mapping of the CCG/CoPc-A hybrid, square 

wave voltammetry measurement of the CCG/CoPc and CCG/CoPc-A hybrids, determination of 

the number of  electrochemically active sites of  the CCG/CoPc and CCG/CoPc-A hybrids, CO2 

reduction by CCG, the changes of the number of electrochemically active sites after 20 h 

electrolysis, Tafel slopes; a table of the results compared to state-of-the-art catalysts; TOF/TON 

calculations. 

Notes 

The authors declare no competing financial interest. 

 

 

 

ACKNOWLEDGMENTS 

This work was supported by the ARC Centre of Excellence Scheme (Project Number CE 

140100012). JC also thanks the University of Wollongong (UoW) for a University Postgraduate 

Award. DRM is grateful for support from the Australian Research Council for his Australian 

Laureate Fellowship. The authors thank Dr Patricia Hayes for assistance with Raman 

spectroscopy, and the Materials Node of the Australian National Fabrication Facility (ANFF) 

and the UoW Electron Microscopy Centre for their facilities and research support. 

 



 16 

 

 

REFERENCES 

(1) Whipple, D. T.; Kenis, P. J. Prospects of CO2 utilization via direct heterogeneous 

electrochemical reduction, J. Phys. Chem. Lett. 2010, 1, 3451-3458. 

(2) Qiao, J.; Liu, Y.; Hong, F.; Zhang, J. A review of catalysts for the electroreduction of 

carbon dioxide to produce low-carbon fuels, Chem. Soc. Rev. 2014, 43, 631-675. 

(3) Zhu, D. D.; Liu, J. L.; Qiao, S. Z. Recent Advances in Inorganic Heterogeneous 

Electrocatalysts for Reduction of Carbon Dioxide, Adv. Mater. 2016, 28, 3423-3452. 

(4) Kondratenko, E. V.; Mul, G.; Baltrusaitis, J.; Larrazábal, G. O.; Pérez-Ramírez, J. Status 

and perspectives of CO2 conversion into fuels and chemicals by catalytic, photocatalytic 

and electrocatalytic processes, Energy Environ. Sci. 2013, 6, 3112-3135. 

(5) Jensen, M. T.; Rønne, M. H.; Ravn, A. K.; Juhl, R. W.; Nielsen, D. U.; Hu, X.-M.; 

Pedersen, S. U.; Daasbjerg, K.; Skrydstrup, T. Scalable carbon dioxide electroreduction 

coupled to carbonylation chemistry, Nat. Commun. 2017, 8, 489. 

(6) Zhao, S.; Jin, R.; Jin, R. Opportunities and Challenges in CO2 Reduction by Gold-and 

Silver-Based Electrocatalysts: From Bulk Metals to Nanoparticles and Atomically Precise 

Nanoclusters, ACS Energy Lett. 2018, 3, 452-462. 

(7) Varela, A. S.; Ju, W.; Strasser, P. Molecular Nitrogen–Carbon Catalysts, Solid Metal 

Organic Framework Catalysts, and Solid Metal/Nitrogen-Doped Carbon (MNC) Catalysts 

for the Electrochemical CO2 Reduction, Adv. Energy Mater. 2018, 1703614. 



 17 

(8) Nielsen, D. U.; Hu, X.-M.; Daasbjerg, K.; Skrydstrup, T. Chemically and 

electrochemically catalysed conversion of CO2 to CO with follow-up utilization to value-

added chemicals, Nature Catal. 2018, 1, 244. 

(9) Dry, M. E. The fischer–tropsch process: 1950–2000, Catal. Today 2002, 71, 227-241. 

(10) Jiao, F.; Li, J.; Pan, X.; Xiao, J.; Li, H.; Ma, H.; Wei, M.; Pan, Y.; Zhou, Z.; Li, M. 

Selective conversion of syngas to light olefins, Science 2016, 351, 1065-1068. 

(11) Sheng, W.; Kattel, S.; Yao, S.; Yan, B.; Liang, Z.; Hawxhurst, C. J.; Wu, Q.; Chen, J. G. 

Electrochemical reduction of CO2 to synthesis gas with controlled CO/H2 ratios, Energy 

Environ. Sci. 2017, 10, 1180-1185. 

(12) Costentin, C.; Drouet, S.; Robert, M.; Savéant, J.-M. A local proton source enhances CO2 

electroreduction to CO by a molecular Fe catalyst, Science 2012, 338, 90-94. 

(13) Costentin, C.; Robert, M.; Savéant, J.-M.; Tatin, A. Efficient and selective molecular 

catalyst for the CO2-to-CO electrochemical conversion in water, Proc. Natl. Acad. Sci. U. 

S. A. 2015, 112, 6882-6886. 

(14) Azcarate, I.; Costentin, C.; Robert, M.; Savéant, J.-M. Through-space charge interaction 

substituent effects in molecular catalysis leading to the design of the most efficient 

catalyst of CO2-to-CO electrochemical conversion, J. Am. Chem. Soc. 2016, 138, 16639-

16644. 

(15) Ambre, R. B.; Daniel, Q.; Fan, T.; Chen, H.; Zhang, B.; Wang, L.; Ahlquist, M. S.; Duan, 

L.; Sun, L. Molecular engineering for efficient and selective iron porphyrin catalysts for 

electrochemical reduction of CO2 to CO, Chem. Commun. 2016, 52, 14478-14481. 



 18 

(16) Choi, J.; Benedetti, T. M.; Jalili, R.; Walker, A.; Wallace, G. G.; Officer, D. L. High 

Performance Fe Porphyrin/Ionic Liquid Co-catalyst for Electrochemical CO2 Reduction, 

Chem. - Eur. J. 2016, 22, 14158-14161. 

(17) Bourrez, M.; Molton, F.; Chardon-Noblat, S.; Deronzier, A. [Mn (bipyridyl)(CO)3Br]: An 

abundant metal carbonyl complex as efficient electrocatalyst for CO2 reduction, Angew. 

Chem., Int. Ed. 2011, 123, 10077-10080. 

(18) Chen, Z.; Chen, C.; Weinberg, D. R.; Kang, P.; Concepcion, J. J.; Harrison, D. P.; 

Brookhart, M. S.; Meyer, T. J. Electrocatalytic reduction of CO2 to CO by polypyridyl 

ruthenium complexes, Chem. Commun. 2011, 47, 12607-12609. 

(19) Lin, S.; Diercks, C. S.; Zhang, Y.-B.; Kornienko, N.; Nichols, E. M.; Zhao, Y.; Paris, A. 

R.; Kim, D.; Yang, P.; Yaghi, O. M. Covalent organic frameworks comprising cobalt 

porphyrins for catalytic CO2 reduction in water, Science 2015, 349, 1208-1213. 

(20) Hod, I.; Sampson, M. D.; Deria, P.; Kubiak, C. P.; Farha, O. K.; Hupp, J. T. Fe-

porphyrin-based metal–organic framework films as high-surface concentration, 

heterogeneous catalysts for electrochemical reduction of CO2, ACS Catal. 2015, 5, 6302-

6309. 

(21) Mohamed, E. A.; Zahran, Z. N.; Naruta, Y. Efficient Heterogeneous CO2 to CO 

Conversion with a Phosphonic Acid Fabricated Cofacial Iron Porphyrin Dimer, Chem. 

Mater. 2017, 29, 7140-7150. 



 19 

(22) Hu, X. M.; Rønne, M. H.; Pedersen, S. U.; Skrydstrup, T.; Daasbjerg, K. Enhanced 

Catalytic Activity of Cobalt Porphyrin in CO2 Electroreduction upon Immobilization on 

Carbon Materials, Angew. Chem., Int. Ed. 2017, 56, 6468-6472. 

(23) Zhang, X.; Wu, Z.; Zhang, X.; Li, L.; Li, Y.; Xu, H.; Li, X.; Yu, X.; Zhang, Z.; Liang, Y. 

Highly selective and active CO2 reduction electrocatalysts based on cobalt 

phthalocyanine/carbon nanotube hybrid structures, Nat. Commun. 2017, 8, 14675. 

(24) Maurin, A.; Robert, M. Noncovalent immobilization of a molecular iron-based 

electrocatalyst on carbon electrodes for selective, efficient CO2-to-CO conversion in 

water, J. Am. Chem. Soc. 2016, 138, 2492-2495. 

(25) Morlanés, N.; Takanabe, K.; Rodionov, V. Simultaneous reduction of CO2 and splitting of 

H2O by a single immobilized cobalt phthalocyanine electrocatalyst, ACS Catal. 2016, 6, 

3092-3095. 

(26) Oh, S.; Gallagher, J. R.; Miller, J. T.; Surendranath, Y. Graphite-conjugated Rhenium 

catalysts for carbon dioxide reduction, J. Am. Chem. Soc. 2016, 138, 1820-1823. 

(27) Maurin, A.; Robert, M. Catalytic CO2-to-CO conversion in water by covalently 

functionalized carbon nanotubes with a molecular iron catalyst, Chem. Commun. 2016, 

52, 12084-12087. 

(28) Choi, J.; Wagner, P.; Jalili, R.; Kim, J.; MacFarlane, D. R.; Wallace, G. G.; Officer, D. L. 

A Porphyrin/Graphene Framework: A Highly Efficient and Robust Electrocatalyst for 

Carbon Dioxide Reduction, Adv. Energy Mater. 2018, 8, 1801280. 



 20 

(29) Costentin, C.; Robert, M.; Savéant, J.-M. Molecular catalysis of electrochemical 

reactions, Curr.  Opin.  Electrochem. 2017, 2, 26-31. 

(30) Bullock, R. M.; Das, A. K.; Appel, A. M. Surface immobilization of molecular 

electrocatalysts for energy conversion, Chem. - Eur. J. 2017, 23, 7626-7641. 

(31) Han, N.; Wang, Y.; Ma, L.; Wen, J.; Li, J.; Zheng, H.; Nie, K.; Wang, X.; Zhao, F.; Li, Y. 

Supported cobalt polyphthalocyanine for high-performance electrocatalytic CO2 

reduction, Chem 2017, 3, 652-664. 

(32) Hunter, C. A.; Sanders, J. K. The nature of. pi.-. pi. interactions, Journal of the American 

Chemical Society 1990, 112, 5525-5534. 

(33) Zhu, M.; Ye, R.; Jin, K.; Lazouski, N.; Manthiram, K. Elucidating Reactivity and 

Mechanism of CO2 Electroreduction at Highly Dispersed Cobalt Phthalocyanine, ACS 

Energy Lett. 2018. 

(34) Sleven, J.; Cardinaels, T.; Görller-Walrand, C.; Binnemans, K. Liquid-crystalline 

metallophthalocyanines containing late first-row transition metals, Arkivoc 2003, 68-82. 

(35) Malig, J.; Jux, N.; Kiessling, D.; Cid, J. J.; Vázquez, P.; Torres, T.; Guldi, D. M. Towards 

tunable graphene/phthalocyanine–PPV hybrid systems, Angew. Chem., Int. Ed. 2011, 50, 

3561-3565. 

(36) Yang, J.-H.; Gao, Y.; Zhang, W.; Tang, P.; Tan, J.; Lu, A.-H.; Ma, D. Cobalt 

phthalocyanine–graphene oxide nanocomposite: complicated mutual electronic 

interaction, J. Phys. Chem. C 2013, 117, 3785-3788. 



 21 

(37) Xu, Y.; Zhao, L.; Bai, H.; Hong, W.; Li, C.; Shi, G. Chemically converted graphene 

induced molecular flattening of 5, 10, 15, 20-tetrakis (1-methyl-4-pyridinio) porphyrin 

and its application for optical detection of cadmium (II) ions, J. Am. Chem. Soc. 2009, 

131, 13490-13497. 

(38) Gambhir, S.; Murray, E.; Sayyar, S.; Wallace, G. G.; Officer, D. L. Anhydrous organic 

dispersions of highly reduced chemically converted graphene, Carbon 2014, 76, 368-377. 

(39) Su, Q.; Pang, S.; Alijani, V.; Li, C.; Feng, X.; Müllen, K. Composites of graphene with 

large aromatic molecules, Adv. Mater. 2009, 21, 3191-3195. 

(40) Zhang, C.; Hao, R.; Yin, H.; Liu, F.; Hou, Y. Iron phthalocyanine and nitrogen-doped 

graphene composite as a novel non-precious catalyst for the oxygen reduction reaction, 

Nanoscale 2012, 4, 7326-7329. 

(41) Mensing, J. P.; Kerdcharoen, T.; Sriprachuabwong, C.; Wisitsoraat, A.; Phokharatkul, D.; 

Lomas, T.; Tuantranont, A. Facile preparation of graphene–metal phthalocyanine hybrid 

material by electrolytic exfoliation, J. Mater. Chem. 2012, 22, 17094-17099. 

(42) Nyoni, S.; Mashazi, P.; Nyokong, T. Iodine-Doped Cobalt Phthalocyanine Supported on 

Multiwalled Carbon Nanotubes for Electrocatalysis of Oxygen Reduction Reaction, 

Electroanalysis 2015, 27, 1176-1187. 

(43) Domínguez, M.; Taboada, E.; Idriss, H.; Molins, E.; Llorca, J. Fast and efficient 

hydrogen generation catalyzed by cobalt talc nanolayers dispersed in silica aerogel, J. 

Mater. Chem. 2010, 20, 4875-4883. 



 22 

(44) Liang, X.; Chen, Z.; Wu, H.; Guo, L.; He, C.; Wang, B.; Wu, Y. Enhanced NH3-sensing 

behavior of 2, 9, 16, 23-tetrakis (2, 2, 3, 3-tetrafluoropropoxy) metal (II) 

phthalocyanine/multi-walled carbon nanotube hybrids: an investigation of the effects of 

central metals, Carbon 2014, 80, 268-278. 

(45) Kornienko, N.; Zhao, Y.; Kley, C. S.; Zhu, C.; Kim, D.; Lin, S.; Chang, C. J.; Yaghi, O. 

M.; Yang, P. Metal–organic frameworks for electrocatalytic reduction of carbon dioxide, 

J. Am. Chem. Soc. 2015, 137, 14129-14135. 

(46) Chen, Y.; Li, C. W.; Kanan, M. W. Aqueous CO2 reduction at very low overpotential on 

oxide-derived Au nanoparticles, J. Am. Chem. Soc. 2012, 134, 19969-19972. 

 

 


