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Applications, College of Chemistry and Molecular Engineering, Peking University, Beijing 100871, P. R. China. 

 

 

ABSTRACT: Inspired by the biological NiFe CO dehydrogenase that hydrogen bond donors exist in the 

secondary sphere to enhance the CO2 reduction activity, iron porphyrins with simple aminophenyl 

substitution are synthesized and their electrochemical CO2 reduction properties are studied. Fe-1, bearing 

amino group in the ortho position of the phenyl ring exhibits the improved catalytic turn over frequency 

(TOF), lower overpotential, and higher selectivity, compared with para-amino-substituted iron porphyrin 

(Fe-2) and the control Fe-TPP (Fe-3). DFT calculation also supports that importance of hydrogen bond on 

the reactivity of Fe-1 faciltates the formation [Fe-CO2]2- adduct by lowering 1.45 kcal/mol. 
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INTRODUCTION 

The rising atmospheric CO2 concentration causes 

climate change and ocean acidification, along with many 

other environmental changes. Many approaches have 

been developed to convert CO2 into high value-added 

chemical products.[1-3] Among them, electrochemical 

reduction of CO2 can be a candidate to meet the challenge, 

but direct CO2 reduction is both kinetic and 

thermodynamic unfavourable. Rational design of 

catalysts is  highly required to promote the efficiency and 

selectivity in CO2 fixation and reduction. 

In biological system, carbon monoxide dehydrogenase 

(CODH) enzymes can reversiblely catalyze the reduction 

of CO2 to CO. In the  typical Ni-Fe CODH example,  the 

precise position of histidine and lysine residues is critical 

to construct the secondary sphere providing hydrogen-

bond and proton-relay groups to stablize the CO2-metal 

intermidate.[1,4] Recent advances have been reported in 

metal catalyzing CO2 activation with the assistance of 

secondary intramolecular hydrogen bond.[5-7] For 

examples, amines[8,9], carboxylic acids[10], 

imidazolium moieties[11] and thiourea tethers[12] have 

been used as hydrogen-bond donors or acceptors to 

construct the secondary coordination sphere, which have 

been found to improve the electrocatalytic activity and 

decreased significantly the overpotential of the metal 

catalysts.Among them, metal porphyrins have been 

broadly reported for CO2 electrochemical reduction as 

molecular catalysts, and some of examples are shown in 

Scheme 1. Savéant, Costentin, and Robert reported 

phenol[13] and ammonium cations[14] pendant enhance 

CO2 reduction efficiencies in the Fe porphyrins. Iron 

hangman porphyrins with phenol and guanidinium groups 

reported by Nocera et al. also showed catalytic 

enhancement.[15] Chang and Nichols have investigate 

the positional dependence of secondary coordination 

sphere on the reactivity of electrochemical CO2 reduction 

by proximal and distal amide groups.[16] Most recently, 

Aukauloo and Halime reported four urea functions that 

provide a multipoint hydrogen bond donors at a Fe 

porphyrin, which demonstrates a remarkable drop of the 

overpotential and a high turnover frequency.[17] These 

pioneering studies revealed the importance of positioning 

secondary coordination sphere in CO2 reduction and 

further exploring a simple approach to construct such 

secondary sphere would be of importance for CO2 

reduction. 

Scheme 1. Reported CO2 reduction catalysts by iron porphyrins 

with the assistance of secondary coordination sphere. 

 

 

Herein, we introduce a molecular model bearing amino 

groups at meso-phenyl group. Compared their 

electrochemical CO2 reduction properties with iron 

tetraphenylporphyrin catalyst (FeTPP), the ortho amino 

substituted iron porphyrin exhibits enhanced catalytic 

activity (TOF = 104 s-1). DFT calculations show hydrogen 

bond between the amino donor and the [Fe-CO2]2- adduct 

stablizes the intermidate. 

RESULTS AND DISCUSSION 

Synthesis and characterization 

5-(o-Aminopheny1)-10,15,20-triphenylporphyrin (o-

NH2TPP), 5-(p-Aminopheny1)-10,15,20-

triphenylporphyrin (p-NH2TPP) tetra(meso-

phenyl)porphyrin (TPP) were synthesized according to 
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literature procedure.[18,19] The corresponding iron 

complexes, Fe-1, Fe-2, Fe-3, as shown in Scheme 2, were 

prepared by refluxing excess anhydrous iron(II) chloride 

in dry DMF under N2 atmosphere, and treated with LiCl. 

The identity of each free-base porphyrin was confirmed 

by 1H NMR spectroscopy and high-resolution mass 

spectrometry. The UV-vis absorption spectra and cyclic 

voltammetry (CV) were uesd to probe the optical and 

electrochemical properties of these iron complexes. 

Regarding the UV-vis spectra of Fe-1 and Fe-3, the Sort 

bands wavelength were observed at 414 nm in 

dichloromethane. Relative to Fe-1 and Fe-3, the 

absorption of Fe-2 was slightly red-shift to 417 nm. The 

same optical changes were observed with Q-bands 

absorption. The origin of the red-shift may attributed to 

the electron-donating para-amino group in the porphyrin 

backbone. 

Scheme 2. Structure of Fe-1, Fe-2 and Fe-3. 

 

Cyclic voltammetry studies 

CVs of Fe complexes in argon degassed DMF 

containing 0.1 M of tetra-N-butylammonium 

hexafluorophosphate (nBu4NPF6) are shown in Fig. 1. 

Fe-3 shows three redox waves at E1/2 = -0.667, -1.494, 

and -2.119 V versus Fc+/0, corresponding to formal FeIII/II, 

FeII/I, and FeI/0 couples.[20] Comparable redox events are 

observed for Fe-1 (E1/2 = -0.682, -1.508, and -2.147 V) 

and Fe-2 (E1/2 = -0.710, -1.556, and -2.201 V); and each 

reduction is cathodically shifted relative to Fe-3. The 

third redox wave of Fe-2 (characteristic of CO2 reduction 

onset potential, E0
cat) shifts almost 80 mV to more 

negative potential compared with those of Fe-1 and Fe-3, 

indicating that higher overpotential can be observed in 

CO2 reduction. This shift can attribute to the donating 

effect of the -NH2 groups on the aryl ring. The ortho 

substituted Fe-1 shows anodic shifts compared to the para 

substituted Fe-2, which indicates that the proximal amino 

group in Fe-1 facilitates metal reduction through 

hydrogen bond compared with distal amino group for Fe-

2. Scan rate-dependence studies show a linear correlation 

between peak current and (scan rate)1/2, indicating that all 

the redox events occurred  are diffusion controlled under 

non-catalytic conditions (Fig. S1-2). 

 

Fig. 1. CVs of 1 mM Fe-1, Fe-2 and Fe-3 in DMF containing 

0.1 M nBu4NPF6 under Ar. Conditions: 1 mM catalyst, 0.1 M 

nBu4NPF6 in DMF under Ar; scan rate is 100 mV/s. 
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Electrochemical CO2 reduction 

The CO2 reduction capability of the three Fe complexes 

is evaluated by successive cyclic voltammograms in CO2-

saturated DMF. The CVs of Fe-1, Fe-2, and Fe-3 show 

only moderate current enhancement near the third 

reduction wave at Ecat/2 = -2.110, -2.123, -2.175 V 

respectively (Fig. 2). To increase the catalytic activity, 

weak Brønsted acids such as phenol which was served as 

the proton source was added to the solution. In the 

presence of phenol, an S-shaped irreversible catalytic 

response is observed for the three iron complexes, as 

shown in Fig. 2. 

The catalytic rates for Fe-1, Fe-2, and Fe-3 are  

extracted using the plateau peak current under CO2 with 

phenol (icat), relative to the peak current of the 

noncatalytic redox process under argon (ip) using eqn (1): 

[21] 

3

2 20.446
TO

3
( )F ) (

p cat

cat p

Fvn i

RT n i


 (1) 

where F is the Faraday constant, np is the number of 

electrons transferred in the redox event, F the Faraday 

constant, R is the universal gas constant, T is the 

temperature, ncat is the number of electrons required for 

the catalytic reaction (ncat = 2). We note that the ues of 

eqn (1) is restricted to ideal S-shaped voltammograms. 

The calculated TOFs for the three Fe complexes in 

different concentration of phenol are shown in Fig. 2 (d). 

 

 

 

Fig.2. CVs of 1 mM Fe-1 (a), Fe-2 (b) and Fe-3 (c) in DMF containing 0.1 M nBu4NPF6 under CO2 with diferent phenol concentration. 

(d) TOF for catalytic CO2 reduction under diferent concentration of phenol. Conditions: 1 mM catalyst, 0.1 M nBu4NPF6 in DMF; 0.23 

M CO2; scan rate is 100 mV/s.
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Under the pseudo-first order conditions, the catalytic 

rates of all the three catalysts display first-order 

dependence on phenol concentration at low acid 

concentrations, but exhibit non-liner relationship under 

higher phenol concentrations. Fe-1 displays significantly 

enhanced catalytic reactivity up to a maximum turnover 

frequency (TOF) of 4846 s-1, which is ca. 7 times greater 

than that of Fe-2 (710 s-1) and Fe-3 (608 s-1) under 1 M 

phenol. Thus, these results demonstrate that hydrogen-

bond interaction with amino groups in the secondary 

sphere of iron porphyrin can remarkably enhance 

catalytic CO2 reduction reactivity. 

Given the nonideal behavior, Costentin and Savéant’s 

[22] foot of-the-wave analysis (FOWA) is also adopted 

via eqn (2) to determine intrinsic catalytic rates: 

obs

0

2.24

1 exp ( )

cat

p
cat

RT
k

i Fv

Fi
E E

RT


 

  
 

 (2) 

In this electroanalytical method, the competing factors 

such as substrate depletion and catalyst inhibition were 

minimized by analyzing the foot of the catalytic wave to 

determine the observed catalytic rate constant (kobs). From 

plots of icat/ip versus 1/{1 + exp[(F/RT)(E - E0
cat)]}, kobs 

could be calculated from the slope of the linear portion of 

the curve and provides an access to the maximum TOF 

(kobs = TOFmax, s-1) (Fig. S3). The TOFFOWA for Fe-1, Fe-

2 and Fe-3 are 10443, 2535 and 1035 s-1 respectively in 

0.5 M phenol (Table 1). Despite of different results 

obtained from two methods, the similar trend that amino 

groups in the secondary sphere of iron enhance the 

catalytic activity was observed. Thus, hydrogen bond 

formed between the amino group and the [Fe-CO2]2- is 

supposed to stabilize the intermediate in the CO2 

reduction process. 

Table 1. Summary of the electrochemical properties of Fe complexes. 

catalyst E1,1/2a/V E2,1/2a/V E3,1/2a/V TOFb/s-1 TOFFOWA
c/s-1 TONd 

Fe-1 -0.682 -1.508 -2.147 4846 10443 21 

Fe-2 -0.710 -1.556 -2.201 710 2535 11 

Fe-3 -0.667 -1.494 -2.119 608 1035 13 

a vs. Fc+/0. b TOF values are reported in presence of 1 mM catalyst, 1 M PhOH and 0.23 M CO2 in DMF based on the icat/ip methods. c 

TOFFOWA values are reported in presence of 0.5 M PhOH and 0.23 M CO2 in DMF based on FOW analysis. d in 3 h based on the actual 

amount of CO.

For the purposes of catalyst benchmarking, it is 

illustrative to examine the relationship between log(TOF) 

and overpotential (η =E0
cat-E0

CO2/CO) as indicated by a 

catalytic Tafel plot.[23] As is shown in Fig. 3, Fe-1 

exhibits higher TOF compared to Fe-2 and Fe-3. The 

overpotential of Fe-1 is lower than that of Fe-2 (ca. 80 

mV), owning to the secondary sphere amino of ortho-

substituted porphyrin. 

 

Fig. 3. Catalytic Tafel plots of the Fe porphyrins (1 mM) in 0.5 

M phenol. 
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To estimate the selectivity and stability of the 

aforementioned catalysts, the controlled potential 

electrolysis (CPE) was performed at -2.3 V vs. Fc+/0 in 

CO2 saturated DMF electrolyte with 0.4 M phenol as 

proton source for the three complexes (Fig. 4). In the two-

compartment cell using a standard three-electrode setup, 

Fe-1 achieved a maximum Faradaic efficiency (FE) of 88% 

for CO. CO was the major product observed by GC over 

the 3 h test period. The total turnover number of CO 

(TONCO) for Fe-1 was 21 based on the actual amount of 

catalyst. As for Fe-2 and Fe-3, the maximum FE of CO 

was similar as Fe-1 ca. 87%, and the hydrogen was the 

minor gas product for the two complexes with FE of ca. 

2%. The TON of CO of Fe-2 and Fe-3 was only 11 and 

13 respectively. The TONs here are based on the actual 

amount of CO during the bulky electrolysis, and the TOF 

mentioned before extracted from cyclic voltammetry 

curves is based on the catalyst in the diffusion layer. 

Therefore there remains large gap between the TON and 

TOF. 

 

Fig.4. Faradaic efficiencies for H2 and CO for Fe-1 (a), Fe-2 (b) 

and Fe-3 (c). Conditions: 1 mM catalyst, 0.1 M nBu4NPF6 in 

DMF with 0.23 M CO2 0.4 M phenol at -2.3 V vs. Fc+/0. 

DFT calculated CO2 binding process 

The catalytic reduction of CO2 to CO is a two-electron 

coupling two-proton process, and the mechanism is 

shown as Scheme 3.[24] The catalytic cycle is initiated 

by reduction of Fe(I) to Fe(0) species, followed by the 

binding of CO2 and formed the [Fe-CO2]2- adduct as the 

key intermediate. For Fe-1, we hypothesized that this 

adduct is strongly stabilized by intramolecular hydrogen 

bonding with the pendant NH2 groups and carried out 

DFT calculations to verify. 
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Scheme 3. Proposed mechanism for electrochemical reduction 

of CO2 by Fe porphyrins with Brønsted acids (HA). 

 

 

The binding event is calculated for the three Fe 

porphyrins. The triply reduced Fe(0)-CO2  species possess 

a -2 charge and triplet state is the most stable among the 

three spin states(S = 0, singlet; S = 1, triplet and S = 2, 

quintuplet). In contrast with CO2 (d(CO) = 1.117 Å and 

OCO = 180.0°) and radical anion CO2
.- (d(CO) = 1.235 Å 

and OCO = 127.0°), upon bind to Fe(0), the bond length 

of CO is 1.242 Å and O-C-O is bent to 135.6°. These 

results indicate CO2 is reduced to CO2
.- by the iron 

catalyst. For Fe-1, the Mulliken charge of iron atom is 

+0.33, revealing that the iron atom possesses a slightly 

positive charge. In the case of Fe-1, a hydrogen-bond 

interaction between the amino group in the ortho-aryl ring 

and the coordinated CO2 substrate is found with N(H)···O 

donor–acceptor distances of 1.972 Å (Fig. 5). In contrast, 

Fe-2 and Fe-3 cannot form similar hydrogen bond. The 

distance of Fe and C atom of the CO2 for Fe-1 is 2.024 Å 

while the distance for Fe-3 is 2.078 Å. In contrast, Fe-2 

and Fe-3 cannot form similar hydrogen bond. The free 

energy of stabilization the [Fe-CO2]2- adduct for Fe-2 is 

1.45 kcal mol-1 compared with Fe-3, thus illustrating the 

large stabilizing effect of the -NH2 groups upon binding 

the carbon dioxide to Fe(0). 

 

Fig.5. Structure models of [CO2-Fe]2- adducts for Fe-1 (a) and 

Fe-3 (b). 

CONCLUSION 

Taken together, inspired by the natural carbon 

monoxide dehydrogenase that hydrogen bond donors in 

the sceondary coordination sphere, we designed and 

synthesized simple ortho and para substituted amino iron 

porphyrins model, Fe-1 and Fe-2 respectively. As shown 

by the electrochemical measurements, Fe-1 exhibits a 

significant rate acceleration (TOF = 104 s-1), 4 times to 

Fe-2, and 10 times to Fe-3. Fe-1 also shows high CO 

selectivity. Faradaic efficiencies of CO for Fe-1 reach to 

88% with little hydrogen (FE < 0.5%) evolution. 

Computational results demonstrate N-H adjacent to the 

bent CO2 stablize the intermediate by froming hydrogen 

bond. These studies highlight the importance of the 

secondary coordination sphere and the position of 

hydrogen bond donors in the catalytic reduction of CO2. 

EXPERIMENTAL 

General procedures 

Commercially available solvents were being purified 

by the MBraun SPS-800 Solvent Purification System. 

Tetrabutylammonium hexafluorophosphate (nBu4NPF6) 

was recrystallized from absolute ethanol. Other reagents 

were purchased from commercial suppliers and used 

1.972 Å

2.024 Å

(1)                                                                            

2.078 Å

(2)
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without purification. UV-vis spectra were recorded on an 

Agilent 8453 UV-vis spectrometer. ESI-MS were 

recorded on a Bruker APEX IV Fourier Transform Ion 

Cyclotron Resonance Mass Spectrometer using 

electrospray ionization. 1H and 13C NMR spectra were 

recorded on a Bruker-400 MHz NMR. All 1H NMR 

experiments were reported in δ units, parts per million 

(ppm), and all coupling constants were in Hz and 

measured relative to the signal for residual chloroform 

(7.26 ppm) in the deuterated solvent CDCl3. Cyclic 

voltammetry experiments were recorded on Shanghai 

Chenhua CHI660C electrochemical workstation. A 

glassy carbon electrode was selected as the working 

electrode, the auxiliary electrode was a platinum wire 

electrode and Ag/AgCl was the reference electrode. All 

samples were recorded in N,N-dimethylformamide (DMF) 

with 0.1 M nBu4NPF6 as the electrolyte. Unless otherwise 

noted, the scan rate was 0.1 V s-1, and all potentials in this 

study were adjusted to the ferrocenium/ferrocene (Fc+/0) 

couple as an internal standard. The potential for Fc+/0 

couple vs Ag/AgCl (3 M KCl) is 0.50 V in DMF. All GC 

spectrometry experiments were measured and recorded 

using GC-2014 (Shimadzu, Japan). 

Controlled Potential Electrolysis (CPE) 

All CPE experiments were performed with a gas-tight 

two-compartment H-shaped cell, and a glassy carbon 

plate (1 cm x 1 cm) was used as the working electrode, 

along with a Pt-wire counter electrode and a nonaqueous 

Ag/AgCl reference electrode. Two solutions were 

prepared: a work solution (0.5 mM catalyst + 0.1 M 

nBu4NPF6 + 0.5 M phenol), and a blank solution (0.1 M 

nBu4NPF6 + 0.5 M phenol). The glassy carbon plate 

working electrode and reference electrode were immersed 

in the work solution in the cathodic compartment, while 

the counter electrode was immersed in the blank solution 

in the anodic compartment. 

CO2 was first allowed to flow through the working 

compartment at a rate of 40 mL min-1 for 30 min and then 

the flow rate of CO2 was changed to 5 mL min-1. Cyclic 

voltammetry (CV) was carried out at a scan rate of 0.1 V 

s−1. During chronoamperometry, the effluent gas from the 

cell was introduced directly into the gas sample loop of 

gas chromatograph (GC) for gas analysis. The gas 

chromatograph equipped with two of Porapak-N, MS-

13X and HP-AL/S columns was used for quantifications. 

The gas-phase product was analyzed by GC every 15 min. 

CO in the gas products was analyzed using a thermal 

conductivity detector (TCD) with H2 as a carrier gas, 

whereas H2 in the gas products was analyzed using 

another TCD with N2 as a carrier gas, and the alkanes in 

the gas products were analyzed using a flame ionization 

detector (FID) with N2 as a carrier gas. The liquid 

products were characterized by 1H NMR spectra, in which 

0.1 mL electrolyte was mixed with 0.4 ml DMF, and 0.1 

μL benzene was added as an internal standard. The 

amount of charge passed to produce each product was 

divided by the total charge passed at a specific time or 

during the overall run to evaluate each FE, seeing 

supporting information in detail. 

Computational details 

All geometry optimization calculations were 

performed using the density functional theory (DFT) at 

the BP86/6-311G(d,p) [25-27] level in the Gaussian 09 

software.[28] The solvent effect was considered in all 

geometry optimizations using the conductor-like 

polarizable continuum model (CPCM). Thermodynamic 

quantities were calculated for T = 298 K. 
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