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Although electrochemical CO2 reduction is one of the most promising ways to convert atmospheric CO2 into value-added 
chemicals, there are still numerous limitations to overcome to achieve highly efficient CO2 conversion performance. 
Herein, we report for the first time the development and use of a three-dimensional iron porphyrin-based graphene 
hydrogel (FePGH) as an electrocatalyst for extremely efficient robust CO2 reduction to CO. Electrocatalytic CO2 conversion 
was performed in aqueous medium with FePGH, which has a highly porous and conductive 3D graphene structure, 
resulting in high catalytic activity for CO production with ~96.2 % faradaic efficiency at a very low overpotential of 280 mV. 
Furthermore, FePGH showed considerable catalytic durability maintaining a consistent CO yield (96.4 % FE) over 20 h 
electrolysis at the same overpotential, corresponding to the highest cathodic energy efficiency yet observed of 79.7 % 
compared to other state-of-the-art immobilised metal complex electrocatalysts. This approach to fabricating a 3D 
graphene-based hydrogel electrocatalyst should provide an exciting new avenue for the development of other kinds of 
molecular electrocatalysts. 

l. Introduction 
Aqueous electrochemical carbon dioxide (CO2) reduction using 
renewable energy has been widely considered as a promising 
pathway to reduce the atmospheric CO2 concentration in the 
quest to limit climate change. Such electrochemical reduction 
of CO2 can provide a variety of value-added chemical 
feedstocks and liquid fuels, consuming only H2O and CO2 in the 
overall process.1-5 CO2 is a thermodynamically stable molecule 
that requires a large overpotential to inject a single electron 
into it to form the CO2 radical anion (E0 = -1.90 V vs. the 
standard hydrogen electrode, SHE). Moreover, a competitive 
hydrogen evolution reaction (HER, E0 = 0 V vs. the relative 
hydrogen electrode, RHE) can concomitantly occur with CO2 

reduction, leading to a low selectivity for the desired product. 
While there is considerable effort made in the quest for new 
electrocatalysts, there are still numerous challenges to 
creating efficient and economical CO2 reduction catalysts, 
including improving their often low energy efficiency and 
selectivity, reducing cost, and increasing catalyst durability.6 
To address these issues, two-dimensional (2D) electrodes have 
previously been fabricated for electrochemical CO2 reduction 
by depositing noble metals,7, 8 metal oxides,9, 10 and transition 
metal complexes11-13 on glassy carbon plate or carbon fibre 
paper using a simple solvent evaporation method, leading to 
efficient electrochemical CO2 reduction catalysis in aqueous 
electrolytes. The solvent evaporation method is one of the 
simplest ways to build a catalytic film on the substrate but 
leads to relatively low wettability and a low number of 
catalytically active sites.14, 15 Therefore, such 2D electrodes 
show low CO2 transport efficiency and poor CO2 and 
electrolyte accessibility to the catalytic active centres. 
Furthermore, these drawbacks have been found in other 
electrochemical systems such as for hydrogen and oxygen 
evolution.16, 17  
To mitigate these problems, researchers have proposed the 
use of three-dimensional (3D) graphene-based hydrogels (GHs) 
as electrodes due to their unique characteristics of tuneable 
porosity, high surface area, low cost, and 3D conductive 
pathway.15, 18-21 In particular, hydrogels consist of highly 
porous structures containing large amounts of H2O, providing 
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greatly improved wettability and electrolyte accessibility in 
aqueous media. In addition, 3D porous conductive pathways 
are formed along the graphene backbone, facilitating gas 
diffusion. Last but not least, a number of catalytically active 
centres can be integrated into the 3D GH using various 
functional groups such as carboxyl (-COOH) and hydroxyl (-OH) 
groups.22, 23 Given these advantages, various kinds of GHs 
modified with catalytically active centres such as metal 
nanoparticles,14, 24 metal oxides,25, 26 and heteroatoms13, 15 
have been investigated for a wide range of electrocatalytic 
reactions. Even though catalyst-decorated GHs have shown 
greatly enhanced catalytic performance, to the best of our 
knowledge, there have not been studies of 3D GHs combined 
with catalytic active centres for electrochemical CO2 reduction.  
As demonstrated in our previous work, cationic iron porphyrin 
(FeTMAP) was utilised to combine with reduced liquid 
crystalline graphene oxide (rLCGO), forming a 
porphyrin/graphene framework (FePGF) structure via 
electrostatic and p-p interactions.27 This composite showed an 
efficient and robust catalytic activity for CO2 reduction at 
significantly low overpotential, following a significant lowering 
of the reduction potential of the catalytically active Fe(0) 
species. In this study, we demonstrate, for the first time, 
integration of FeTMAP into a graphene-based hydrogel. This 
porphyrin/graphene hydrogel (FePGH) exhibits CO2 catalysis to 
CO with a high faradaic efficiency (FE) (96.2%) at a remarkably 
low overpotential (280 mV). More interestingly, it showed 
superior long-term durability at 0.39V (vs. RHE, hereafter all 
potentials are reported with respect to RHE) over 20 h 
electrolysis, affording a stable current density of 0.42 mA cm-2 
and 96.4% CO FE with 79.7% cathodic energy efficiency (CEE) 
compared to state-of-the-art immobilised tetrapyrrolic 
electrocatalysts. We believe that this approach to 
electrochemical CO2 reduction based on a 3D graphene 
hydrogel will also guide development of other highly efficient 
3D structured electrocatalysts in the future.  

ll. Experimental Section 
Materials 
All chemicals and reagents not described below were 
commercial and used without further purification. 5,10,15,20-
Tetrakis(4-trimethylammoniumphenyl)porphyrinato iron (III) 
pentachloride (FeTMAP) and liquid crystalline graphene oxide 
(LCGO) were synthesized based on our previously reported 
methods.27 
 
Apparatus  
Transmission electron microscopic (TEM) images and energy 
dispersive spectrum (EDS) were collected on a JEOL ARM-200F. 
UV-Visible spectra were obtained using a Shimadzu UV-3600 
spectrophotometer. Raman spectra were recorded on a Jobin 
Yvon Horiba HR800 Raman microscope using a 532 nm laser 
line. Compression test was performed on the hydrogels at a 
rate of 1 mm/min with a Shimadzu mechanical tester 
(Shimadzu, EZ-L). Gas chromatography (GC, GC-08, Shimadzu, 
Japan) was performed with a 6-foot Molecular Sieve 5 Å 

column and a thermal conductivity detector (TCD). The column 
was kept at 90°C while the detector was at 100°C. The 
retention time of each product was compared with known 
compounds. All the electrochemical experiments were 
conducted on a CHI 650D electrochemical workstation (CH 
Instruments, Austin, Texas, USA) at ambient condition. 
 
Synthesis of FePGH 
The porphyrin FeTMAP (0.6 and 1.1 mg) was dissolved in DI 
water (7 mL) and simply mixed with a dispersion of LCGO (1 
mL, 5.7 mg mL-1) leading to the spontaneous formation of 
agglomerates. Afterwards, a solution containing the LCGO-
FeTMAP agglomerates was transferred into a Teflon-lined 
stainless autoclave and heated at 90 oC for 3 h in the presence 
of ascorbic acid (171 mg) as reducing agent, allowing the 
LCGO-FeTMAP agglomerates to form the FePGH by self-
assembly. The resulting hydrogel was freeze dried for material 
characterisation. 
 
Preparation of FePGH/RVC electrode 
The FePGH deposited reticulated vitreous carbon (FePGH/RVC) 
electrode was prepared by inserting a piece of RVC (1.2 × 0.5 × 
3.0 cm (l × w × h)) into the Teflon-lined stainless autoclave 
during the preparation of FePGH as above.  This afforded a 
FePGH partially encapsulated RVC electrode that was used as 
is for electrochemical and CO2 reduction experiments. 
 
Electrochemical measurements 
All of the electrochemical measurements were carried out in 
an airtight two compartment electrochemical cell purchased 
from Pine Instruments (USA) using FePGH/RVC working 
electrode, a platinum wire counter electrode and a Ag/AgCl 
reference electrode (3.5 M KCl), using a potentiostat (CH 
Instruments, 650D, USA). The as-prepared FePGH/RVC 
electrode was immersed into an Ar-saturated 0.1 M KHCO3 
electrolyte to replace H2O with 0.1 M KHCO3 electrolyte for 48 
h. Following this, cyclic voltammetry (CV) measurements taken 
from 0 V to -1.6 V (vs. Ag/AgCl (3.5 M KCl)) at a scan rate of 20 
mV s-1 for 3 cycles under the same conditions either in a 0.1 M 
KHCO3 electrolyte under Ar (pH 8.3) or CO2 atmosphere (pH 
6.8). 
The current density was calculated using the planar geometric 
surface area (2.6 cm2) of the resulting FePGH electrode (1.2(l) 
× 0.5(w) × 0.6(h) cm). 
All potentials in this study were adjusted to the reversible 
hydrogen electrode (RHE) reference scale using the formula 
(Equation 1): 
 
	E	(vs. RHE) = Applied	potential	(vs. Ag/AgCl) + 0.210	V + 

0.059	V × pH																																																										(1) 

 
Gas product analysis  
Bulk electrolysis was carried out to detect the gas products for 
CO2 reduction by gas chromatography (GC, Shimadzu, GC-08) 
equipped with a 6-foot molecular sieve 5 Å column and a 
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thermal conductivity detector (TCD). The column was kept at 
90°C while the detector was at 100°C for the analysis. Gas 
production was calculated using calibration curves made by 
sampling known volumes of CO and H2 gas.  
From the result of the GC analysis, the faradaic efficiency of 
each experiment was calculated using Equation 2 below, 
where Q is the charge passed during the bulk electrolysis, z is 
the number of electrons for CO, n is the number of moles of 
CO based on GC analysis, and F is the Faraday constant. 
 

Faradaic	efficiency	(%) = 	
QGHIJKLMJNOPQ
QRSJTKJOLUPQ

	× 	100 

=
z × n × F

Q 	× 100																								(2) 

 

lll. Result and Discussion 
FePGH was fabricated as shown in Fig. 1. Aqueous LCGO (1 mL, 
5.7 mg mL-1) and aqueous 5,10,15,20-tetrakis(4-
trimethylammoniumphenyl) porphyrinato iron(III) 
pentachloride (FeTMAP, 1.1 mg in 7 mL H2O) were simply 
mixed together resulting in the spontaneous formation of large 
amounts of agglomerates composed of LCGO and FeTMAP 
although the solution remained coloured suggesting 

incomplete usage of the FeTMAP. The resulting isolated LCGO-
FeTMAP agglomerate was characterised by transmission 
electron microscopy (TEM). As can be seen in Fig. S1 (ESI†), 
LCGO showed large and flat sheets (Fig. S1a, ESI†) whilst the 
LCGO-FeTMAP agglomerate appear to have more wrinkles (Fig. 
S1b, ESI†) derived from the electrostatic interactions between 
LCGO and FeTMAP. The solution containing the LCGO-FeTMAP 
agglomerates was transferred into a Teflon-lined stainless 
autoclave and heated at 90 °C for 3 h in the presence of a large 
excess of ascorbic acid (171 mg) as reducing agent. The 
reduction step allowed the LCGO-FeTMAP composite to form 
FePGH by self-assembly since rLCGO sheets easily form a 
porous water-filled network due to their ability to stack 
through p-p interactions and hydrogen bonding.20, 23, 28 The 
colour of the residual solution became transparent, indicative 
of complete utilisation of the FeTMAP for the formation of the 
FePGH during the hydrothermal reaction. The water content in 
the FePGH was determined by comparing the weights of the as 
prepared FePGH and freeze-dried FePGH. Free-standing FePGH 
contained over 99 wt% H2O, indicative of a highly porous 
structure. 
As a control sample, a reduced LCGO graphene hydrogel (LGH) 
was also prepared following the same procedure employed in 
the fabrication of FePGH. Specifically, LCGO dispersion (LCGO, 
1 mL, 5.7 mg mL-1) was diluted by adding H2O (7 mL), followed 
by hydrothermal treatment with ascorbic acid in a teflon-lined 
stainless autoclave at 90 °C for 3 h, resulting in the fabrication 
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of free-standing LGH.   
The morphology of FePGH was compared to that of LGH by 
field emission scanning electron microscopy (FE-SEM) and 
TEM. For the morphological characterisation, both the LGH 
and FePGH were freeze dried for three days, resulting in light 
black porous, free standing aerogels (inset of Fig. 2a and e). As 
can be seen in the FE-SEM images, both freeze dried LGH (Fig. 
2a) and FePGH (Fig. 2e) showed very similar morphologies 
containing interconnected porous structures. 
For the TEM images, a piece of the LGH and FePGH aerogels 
was dispersed using bath sonication for 3 h and the resulting 
dispersions dropcast onto holey carbon TEM grids. As shown in 
Fig. 2b-d, crumpled reduced graphene oxide sheets were 
observed for the freeze-dried LGH. In contrast, FePGH 
significantly less crumpled sheets (Fig. 2f), which were very 
similar to the morphologies of the LCGO-FeTMAP composite 
(Fig. S1b, ESI†) but flat and large graphene structures at higher 
magnification (Fig. 2g). It is clear that the positively charged 
FeTMAP may have helped to maintain the flat and large 
graphene oxide sheets through electrostatic interactions with 
the negatively charged carboxylate functionalities on the edge 
of LCGO as well as p-p interactions.27 
Energy dispersive X-ray spectroscopy (EDS) analysis was 
carried out and homogeneously dispersed N and Fe atoms 
detected over FePGH (Fig. S2, ESI†). As shown in the EDS 
spectra (Fig. S3, ESI†), both LGH and FePGH displayed Fe peaks 
at ~6.4 and 7.0 keV, corresponding to Fe Ka and Fe Kb, 
respectively.29 The LGH gave a ratio of 1:1 Fe Ka:Fe Kb (Fig. S3a, 
ESI†), indicative of stray radiation of the pole piece of the 
microscope. However, the Fe Ka intensity at ~6.4 keV in FePGH 
was obviously greater than Fe Kb at ~7.0 keV (Fig. S3b, ESI†), 
indicative of the existence of FeTMAP in the FePGH. 
For the spectroscopic analysis of LGH and FePGH, UV-Vis and 
Raman spectroscopy, and XPS were undertaken. In the UV-Vis 
spectra (Fig. 3a), the LGH showed a characteristic absorption 

peak at 264 nm, indicative of the reduction of graphene oxide 
to partially reduced graphene oxide by ascorbic acid.30 In 
contrast, the FePGH showed quite different characteristics 
with broad absorption bands at 283 and 432 nm. As previously 
reported, FeTMAP itself exhibited a strong absorption peak at 
412 nm with weak Q bands between 500 nm and 700 nm 
(green line, Fig. 3a).31 However, the absorption peak observed 
at 412 nm was shifted toward higher wavelength of 432 nm in 
FePGH, attributed to the interaction between FeTMAP and 
rLCGO via p-p and electrostatic interactions.32 This 20 nm red-
shift is slightly larger than that for the iron porphyrin/graphene 
framework FePGF, which was likely caused by increased 
reduction and resulting larger aromatic regions affording 
increased p-p interactions.33 This is supported by the shifted 
graphene absorption at 283 nm suggesting increased aromatic 
regions. However, what is not clear is why there is a difference 
in the sp2 hybridisation of LGH and FePGH. It would appear 
that the interactions between LCGO and FeTMAP may have 
influenced the degree of reduction of the graphene under the 
more reducing ascorbic acid conditions (10 times more 
ascorbic acid used than for the FePGF reduction).27 
The structural modification in LGH and FePGH was also 
confirmed by the Raman spectra, in which the FePGH showed 
a change in the structural disorder after immobilising FeTMAP 
(Fig. 3b). The LGH displayed two main bands at 1321 and 1578 
cm-1, corresponding to the typical D and G bands in reduced 
graphene oxide.34 However, there was an up-shift of 10 nm in 
the G band in FePGH, indicative of the formation of an electron 
donor-accepting conjugated system between FeTMAP and 
graphene by p-p  and possibly electrostatic interactions.35 The 
ratios of the D and G bands (ID/IG) in LGH and FePGH were 1.56 
and 1.52, respectively, indicating that the incorporation of 
FeTMAP had some impact on the sp2 hybridisation of the 
graphene and correlates to the UV-vis peak shift to 283 nm on 
FePGH from 264 nm in the LGH.  

Fig. 2 SEM images of a) LGH and e) FePGH, bright-field TEM images of b) LGH, c) LGH (higher magnification) and f) FePGH and g) FePGH (higher magnification), and 
high-angle annular dark field–scanning TEM (HAADF-STEM) images of d) LGH and h) FePGH. 
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XPS analysis was conducted to characterise the atomic 
composition of LGH and FePGH. As can be seen in Fig. 3c, three 
characteristic peaks were observed at 398.1, 399.8 and 402.3 
eV in the N 1s spectrum of FePGH, corresponding to the inner 
core (iminic and aminic) of the porphyrin ring and the –
N+(CH3)3 functionalities of FeTMAP.36, 37 Additionally, no metal 
related components were identified in the Fe 2p spectrum of 
LGH, while Fe 2p3/2 and Fe 2p1/2 were clearly observed at 710.7 
and 724.1 eV, respectively, in the FePGH spectrum (Fig. 3d).38, 

39 These Fe(III) peaks indicated that the valence state of the 
Fe(III) was not reduced during the chemical reduction process.  
In order to determine whether the porphyrin had a significant 
structural effect on the GH, the mechanical properties of both 
LGH and FePGH were measured by applying a force to the 
materials and measuring the subsequent displacement. The 
resulting force vs. displacement curves are shown in Fig. S4 
(ESI†). In contrast to the LGH, a smooth increasing trend with 
few fluctuations was observed in the FePGH force vs. 
displacement curve. Furthermore, a higher force (1.9 N) was 
required for a 4 mm displacement, compared to 1.4 N in the 
LGH sample. The inconsistent and fluctuating curve in the LGH 
could be due to the non-uniformity and crumpled nature of its 
structure that resulted in an irregular deformation trend under 
the applied force. This is clearly not the case for the FePGH, 
which may be a result of the better interaction of the flatter 
graphene sheets as seen in the TEM images (Fig. 2f), resulting 
in higher strength and a more uniform deformation under 
compression. 
Electrochemical CO2 reduction of FePGH, fabricated with 
different amounts of FeTMAP (0.6 and 1.1 mg, denoted as 
FePGH-L and -H, respectively) was investigated in 0.1 M KHCO3 
electrolyte under an atmosphere of Ar or CO2. The FePGH 
electrodes were fabricated by directly depositing hydrogels on 
reticulated vitreous carbon (RVC) during the hydrothermal 
process (see the electrode in Fig. 4a). For comparison as a 

control, a LGH electrode was also prepared as for the FePGH 
electrodes. Prior to measuring electrochemical CO2 reduction, 
all electrodes were immersed into 0.1 M KHCO3 electrolyte for 
two days to ensure that the gel electrode soaked up 
the electrolyte. 
In order to determine whether reduced graphene oxide 
affected the catalytic activity of the hydrogel catalyst, the CV 
of the pristine LGH was performed in a CO2 saturated 0.1 M 
KHCO3 electrolyte and showed a large capacitive current with 
an increase in cathodic current from -0.6 V, likely due to either 
H+ and/or CO2 reduction. Gas analysis was undertaken at -0.54, 
-0.59 and -0.69 V (Fig. S5b, ESI†), potentials showing an 
increased current density (Fig. S5a, ESI†). The current obtained 
was entirely utilised for H2 generation, implying that the LGH 
does not have catalytically active centres for CO2 reduction. 
Prior to analysing the gas products from the FePGH catalysis, 
CV was performed with FePGH-H (1.1 mg FeTMAP) in Ar and 
CO2 atmosphere (Fig. S6, ESI†). The FePGH-H showed a large 
capacitance due to the typical electrochemical double-layer 
capacitive behaviour of the rLCGO, and slightly different 
electrochemical behaviour in an atmosphere of CO2, compared 
to that obtained under Ar. 
To observe the redox behaviour of the complexed Fe in the 
FePGH, differential pulse voltammetry (DPV) was performed in 
Ar saturated 0.1 M KHCO3 electrolyte. As shown in Fig. S7 
(ESI†), the three reduction peaks of the complexed Fe(III) were 
observed at 0.39, 0.0 and -0.45 V and assigned to Fe(III)/(II), 
Fe(II)/(I) and Fe(I)/(0) reductions, respectively. Compared to 
the reduction potentials of the previously reported FePGF 
(Table S1, ESI†), the FePGH showed overall shifts toward 
positive potential, giving, particularly, ~ 130 mV less negative 
potential for the formation of the catalytically active Fe(0) 
species. These potential shifts presumably resulted from the 
increased graphene aromatic regions that led to an enhanced 
electronic interaction between the Fe and graphene as 
observed in the UV-Vis spectrum (Fig. 3a). This increased 
interaction may have helped to delocalise the electron density 
of the Fe porphyrin. 
For the gas analysis, chronoamperometry was carried out at 
different overpotentials using LGH, FePGH-L and FePGH-H 
electrodes. The study of the reduction using the FePGH-L with 
the lower amount of porphyrin was undertaken in order to 
demonstrate the effect of the change of the number of 
catalytically active sites in the FePGH. As shown in Fig. 4b, total 
geometrical current densities (derived from the measured 
planar geometry of the hydrogel electrode) increased with the 
increasing amount of FeTMAP utilised for the formation of the 
FePGH. In particular, the FePGH-H showed significantly 
improved current densities compared to that of FePGH-L. In 
the low potential region below -0.34 V, both FePGH-L and -H 
did not show notable differences in current density. However, 
above -0.34 V, FePGH-H showed a rapid increase in current 
density and reached ~2.7 mA cm-2 at -0.69 V while FePGH-L 
generated ~1.8 mA cm-2 at the same potential. This indicated 
that the amount of FeTMAP utilised for FePGH directly 
affected the catalytic activity for either CO2 reduction and/or 
H2 evolution. 

Fig. 3 a) UV-Vis absorption spectra of LGH, FeTMAP and FePGH. b) Raman spectra of 
LGH and FePGH. XPS spectra for LGH (black line) and FePGH (red line) of c) N 1s and d) 
Fe 2p. 
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As a result of gas analysis (Fig. 4c), it was observed that FePGH-
L started generating CO (36.2 % FE) at -0.28 V and led to a 
maximum CO FE of 92.1 % at -0.49 V with partial CO current 
density of ~1.2 mA cm-2. For the FePGH-H, interestingly, 
considerable current density was obtained with an enhanced 
CO conversion efficiency. Particularly, CO generation at -0.28 V 
was significantly improved up to 78.6 % and reached over 95 % 
CO FE at -0.39 V, corresponding to an overpotential of 280 mV 
compared to the CO2/CO equilibrium potential of -0.11 V.6 
Moreover, ~2.3 mA cm-2 was generated for CO production at -
0.69 V, a 1.8-fold enhanced current density compared to 
FePGH-L (~1.3 mA cm-2) at the same potential. However, both 
FePGH catalysts showed enhanced H2 FE over a large 
overpotential region (between -0.54 V and -0.69 V), likely due 
to the kinetically favoured H2 evolution reaction, as commonly 
observed in previous literature (Fig. S8, ESI†).40, 41 
To provide more fundamental insight into this catalytic system, 
we have tried to measure ECSA by measuring the double-layer 
capacitance of the RVC substrate itself. Based on the CVs 
obtained at different scan rates under Ar (Fig. S9, ESI†), the 
double layer capacitance (Cdl) was measured at the potential 
where there is no faradaic response, 0.45 V, and this resulted 
in 0.52 mF. For the ECSA calculation of the RVC electrode, the 
following Equation 3 was used. 

ECSA =
𝐶YZ
𝐶[
																																																																																				(3) 

in which the standard capacitance (Cs) of the RVC in an 
aqueous electrolyte was assumed to be 100 µF cm-2.  
Following this equation, the ECSA was found to be 2.0 
cm2/geometric cm2 and the total current was normalised to 

the calculated ECSA, shown in Fig. S10 (ESI†). The overall 
trends in Fig. S10 (ESI†) are very similar to those in the 
geometric area current density plot (Fig. 4b). 
The electrochemically active amount of FeTMAP in the FePGH-
H electrode was measured for the calculation of mass current 
and TOFs. The total amount of catalytically active porphyrin 
was found by integration of the Fe(I)/Fe(II) anodic wave (green 
box in Fig. S11a and b, ESI†) using Equation 4, adapted from 
Maurin et al. by removing the electrode area.42  
 
𝛤 = 𝑄/𝑛𝐹𝐴																																																																																(4) 

 
where Γ is the electroactive amount of FeTMAP in FePGH-H, Q 
is the integration of the redox peaks (1.06 mC, Fig. S11c, ESI†), 
n is the number of electrons consumed (1), F is the Faraday 
constant (96485 C mol-1), and A is the geometric surface area 
of FePGH-H electrode (2.6 cm2). The total amount of 
catalytically active porphyrin in the FePGH electrode was 
found to be 4.23 × 10-9 mol cm-2, affording 6.1 × 10-4 mg of 
catalytically active Fe.  
The mass current was calculated based on the amount of 
electrochemically active Fe. At -0.39 V, the potential showing 
the highest CO FE at the lowest overpotential (Fig. 4c), the CO 
current density of 0.69 mA cm-2 corresponded to a mass 
current of 2.83 A mg-1 for CO production with a small H2 mass 
current (0.02 A mg-1) (Fig. 4d). In the larger overpotential 
region above -0.39 V, a rapid increase in mass current for CO 
production was observed and a large current of 9.67 A mg-1 
was obtained at -0.69 V. This mass current implied that the 

Fig. 4 a) Photograph of the prepared FePGH/RVC electrode. b) Total current densities of LGH (black), FePGH-L (blue) and FePGH-H (red) at different applied potentials with Fe(0) 
formation highlighted. c) CO faradaic efficiencies (bar graph) and CO partial current densities (line graph) obtained by FePGH-L (blue bar and magenta line) and FePGH-H (red bar 
and green line). d) Mass current densities of H2 (black) and CO (red) obtained by FePGH-H electrolysis at different applied potentials. e) Turnover frequencies of FePGH-H at 
different overpotentials. f) Long-term stability at -0.39 V with respect to current density (black dots) and faradaic efficiency (coloured dots) of CO2 reduction electrocatalysis by 
FePGH-H.
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FePGH-H catalyst had highly efficient and selective catalytically 
active centres for CO generation.  
Turnover frequencies (TOFs) were calculated for FePGH-H 
catalysis at different overpotentials. At the lowest 
overpotential exhibiting 100 % total FE (280 mV), a high TOF of 
0.8 s-1 was obtained, with a steady increase in TOF with 
increasing overpotential (Fig. 4e). This implies that although 
the catalytic reaction in LGH is entirely dominated by the H2 
evolution reaction, it could be transformed into a CO2 
reduction catalyst with the addition of the FeTMAP almost 
selectively converting CO2 into CO. Additionally, the FePGH 
catalyst appeared to not only provide a significant number of 
catalytic active centres but also facilitate CO2 transport 
through its well-developed highly porous hydrogel structure, 
resulting in significantly enhanced catalytic conversion of CO2 
to CO. 
In order to evaluate the catalytic durability for electrochemical 
CO2 reduction, prolonged potentiostatic electrolysis was 
undertaken at -0.39 V, the initial potential achieving more than 
95% CO FE (Fig. 4f). After 20 h electrolysis, FePGH-H still 
showed durable CO conversion efficiency of 96.4 % and 
maintained an average current density of 0.42 mA cm-2, 
corresponding to 0.5 s-1 TOF and a turn over number (TON) of 
37,440. As shown in Fig. S12 (ESI†), moreover, constant CO 
production from CO2 electrolysis was observed, generating 386 
µmol CO and 18 µmol H2 over the 20 h electrolysis. 
The outstanding electrocatalytic performance at low 
overpotential was directly reflected in the calculation of 
cathodic energy efficiency (CEE) of the FePGH-H catalysis. The 
CEE was calculated using Equation 5: 
 
EE	(%) = ∆Ed/∆EeIIQLJf × FE	                                                (5) 
 
where ∆Ed  is the equilibrium full cell potential (Eghi/gh

d −
EkPOJK	THLfPOLTN
d = 	−0.11	V − 1.23	V = 	−1.34	V	) , ∆EeIIQLJf 

is the applied full cell potential (Eghi/gh
eIIQLJf − EkPOJK	THLfPOLTN

ellmMJf =
	−0.39	V − 1.23	V = 	−1.62	V	), and FE is the average FE for 
CO (96.4 %) at -0.39 V for the 20 h electrolysis in 0.1 M KHCO3 
electrolyte.  As indicated above, the anodic water oxidation 
potential is the equilibrium potential of 1.23 V. From this 
calculation, a CEE of 79.7% was obtained for the catalytic 
reaction of FePGH-H, which is one of the highest CEEs of 
previously reported electrocatalysts for CO production (Table 
S2) including noble metals. 
To gain some insight into the mechanism, a Tafel analysis was 
performed and is shown in Fig. S13 (ESI†). During the proton 
coupled electron transfer reaction, the initial single electron 
transferring to the adsorbed CO2 molecules is commonly 
identified as the rate-determining step due to the extremely 
negative potential for the formation of the CO2•- 
intermediate.43 FePGH-H exhibited a Tafel slope of 118 mV  
dec-1, which is the same as the theoretical slope of 118 mV 
dec-1 for the formation of the CO2•- intermediate.44 The 
electrochemical CO2 reduction performance of the FePGH-H 
catalyst was directly compared with the FePGF and other 
state-of-the-art tetrapyrrolic electrocatalysts as summarised in 

Table S2 (ESI†). As shown for the FePGH-H catalysis, highly 
active and efficient CO2 reduction performance was obtained 
at a particularly low overpotential. Interestingly, the reduction 
potential of the catalytically active Fe(0) species derived from 
FeTMAP in the FePGH-H was shifted toward more positive 
potential, compared to that of the FePGF electrode (Table S1, 
ESI†). This notable potential shift appears to have a direct 
impact on the CO2 reduction performance in the low 
overpotential region, resulting in a decreased overpotential for 
CO production from CO2. Even at very low overpotential (280 
mV) compared to that for FePGF catalysis (430 mV), FePGH-H 
showed a significant CO conversion efficiency (more than 95%) 
with suppressed competing HER over 20 h electrolysis leading 
to an exceptionally high CEE of 79.7 %. Moreover, FePGH-H 
showed a significant current density of ~2.1 mA cm-2 (5.5 mA, 
2.6 cm2 geometric area) at -0.54 V, which is a 3.3-fold 
enhanced catalytic activity over that of FePGF catalysis (1.68 
mA cm-2, 1.68 mA, 1 cm2 geometric area) at the same 
potential. Although a larger amount of FeTMAP was employed 
for the fabrication of the FePGH-H electrode, only 1.1 % of the 
porphyrin was electrocatalytically active (4 % porphyrin was 
active in the FePGF electrode), which may be a result of the 3D 
nature of the FePGH electrode.  
Compared to other iron porphyrin-based electrocatalysts 
(entries 4, 5, and 6 in Table S2, ESI†), the FePGH-H catalyst 
showed efficient catalytic activity with a relatively low amount 
of active iron porphyrin (4.23 × 10-9 mol cm-2), resulting in a 
high mass current and TOF. More specifically, the 
WSCAT/Nafion/Carbon powder catalyst (entry 4) that contains 
the same porphyrin used here, had a larger amount of 
electrochemically active iron porphyrin (37-74 × 10-9 mol cm-2) 
and a high current density of ~1.0 mA cm-2 at a 410 mV 
overpotential. This resulted in a relative low TOF (0.01 s-1) and 
mass current per active Fe site of 0.03 A mg-1, which is more 
than two orders of magnitude lower than for our FePGH-H 
catalyst at a similar overpotential. In addition, in comparison 
to phthalocyanine catalysts, the FePGH-H catalyst exhibited a 
more energy-efficient electrocatalytic activity and lower 
overpotential compared to, for example, the CoPc-CN/MWCNT 
catalyst (entry 8 and 9), the best performing molecular 
electrocatalyst reported to date. 

IV. Conclusions 
In conclusion, we have developed a new type of three-
dimensional electrocatalyst, an iron porphyrin-based graphene 
hydrogel, via a simple and facile hydrothermal method that 
demonstrates highly efficient electrochemical CO2 reduction to 
CO. The resulting highly porous and conductive FePGH was 
successfully fabricated with controlled amounts of FeTMAP. 
The higher loaded FePGH-H catalyst exhibited very favorable 
CO2 reduction with a high CO FE (96.2 %) at a remarkably low 
overpotential (280 mV). In addition, it showed excellent long-
term durability at 0.39V over 20 h electrolysis, affording a high 
current density of 0.42 mA cm-2 and 96.4 % CO FE compared to 
other reported state-of-the-art molecular electrocatalysts. The 
simplicity of fabrication of this 3D graphene-based hydrogel 
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electrode and the potential to vary the covalently bound metal 
complexes opens up not only new possibilities for the 
development of other electrocatalysts for electrochemical CO2 
reduction but also efficient catalysts for a variety of other 
aqueous-based reductive systems in the future. These results 
also suggest that the use of 3D structured electrodes should be 
equally advantageous for other electrochemical catalytic 
processes. 
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Broader context 

The concentration of carbon dioxide (CO2) in the atmosphere continues to rise having reached the highest level in recorded 
history five years ago and this is driving the rise in global temperatures. The utilization of CO2 either directly from the 
atmosphere or from stored sources is currently attracting attention as a promising approach to mitigate both energy and 
environmental issues.  One possible approach is the electrochemical conversion of CO2 into high quality chemical feedstocks 
and fuels. In particular, carbon monoxide (CO) as a main product of CO2 reduction is a key component for the production of 
renewable liquid fuels via catalytic and Fischer-Tropsch syntheses as well as specialty chemicals using chemical processes 
such as hydroformylation. Here, we have integrated an iron porphyrin into a graphene-based hydrogel (FePGH). The resulting 
three-dimensional highly porous and conductive FePGH shows an exceptional CO2 reduction performance in water for a 
highly selective production of CO at very low overpotential of 280 mV and excellent long term stability over 20 hrs. Compared 
with other reported heterogeneous electrocatalysts containing metal complexes, this porphyrin-integrated graphene 
hydrogel catalyst operates at one of the highest cathodic energy efficiencies and high faradaic efficiency for CO, making it 
one of the most energy efficient electrocatalysts reported.  

 


