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Abstract
Sustainable fuel production from CO2 through electrocatalytic reduction is promising but 

challenging due to high overpotential and poor product selectivity. Herein, we computed the 

reaction free energies of electrocatalytic CO2 reduction to CO and HCOO- using the density 

functional theory method and screened the transition metal(M) - cyclam(L) complexes as 

molecular catalysts for CO2 reduction. Our results showed that pKa of the proton adduct formed 

from protonation of the reduced metal center can be used as a descriptor to select operating pH of 

the solution to steer the reaction toward either the CO or hydride cycle. Among the complexes, 

[LNi]2+ and [LPd]2+ catalyze the reactions following the CO cycle and are the CO selective catalysts 

in the pH ranges of 1.81 - 7.31 and 6.10 and higher, respectively. Among the complexes that 

catalyze the reactions following the hydride cycle, [LMo]2+ and [LW]3+ are the HCOO- selective 

catalysts and have low limiting potentials of -1.33 V and -1.54 V, respectively.  Other complexes, 

including [LRh]2+, [LIr]2+, [LW]2+, [LCo]2+, and  [LTc]2+  will catalyze the reactions resulting in either 

HCOO- from CO2 reduction or H2 from proton reduction while HCOO- formation is always 

thermodynamically more favorable. Notably, [LMo]2+, [LW]3+, [LW]2+ and [LCo]2+ have a limiting 

potential less negative than -1.6 V and are based on earth-abundant elements, making them 

attractive for practical application.
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I. Introduction
Conversion of CO2 to value-added chemicals and fuel using renewable energy-based 

technology would help alleviate our dependence on fossil fuels and mitigate the rising 

concentration of CO2 in the atmosphere1-3. The electrochemical reduction of CO2 is a promising 

approach as the reaction can be interfaced with renewably generated electricity under mild 

conditions. However, implementing the electrochemical reduction of CO2 is challenging as highly 

efficient and selective catalysts with a low overpotential are needed but not yet available. 

Electrochemical CO2 reduction can be catalyzed with a solid catalyst in a heterogeneous 

system4, 5 or a molecular catalyst in a homogeneous system6, 7. Molecular catalysts have the 

advantage of optimizing performance through the tuning of active centers at the atomic level. Both 

metal centers8, 9 and ligands10-12  in a molecular catalyst can be systematically changed to optimize 

catalytic activity and selectivity. CO and HCOO- are the major products of CO2 electrocatalytic 

reduction with molecular catalysts.  It has been observed that porphyrin13-16 and phthalocyanine17, 

18 with Fe and Co as metal centers are selective to CO, whereas those with Rh, In, and Sn are 

selective to HCOO- 8, 14.  Other catalysts,   P2N2 (P2N2 = 1,5-diaza-3,7-diphosphacyclooctane) with 

Rh19,  pincer complexes with Ir20, [Pt(dmpe)2]2+ 21, 22, iron carbonyl cluster23, 24, [Ni(dmpe)2]2+ 25 

and  [Pd(depe)2]2+ 26  have shown HCOO- selectivity. 

Density functional theory (DFT) studies have been widely used to provide mechanistic 

insights into electrocatalytic reduction of CO2. In heterogeneous electrocatalysis, descriptors have 

been developed to screen and select catalysts with high efficiency and selectivity for CO2 reduction 

27-30. Descriptor-based studies on electrochemical CO2 reduction on molecular catalysts are rare21, 

31. Ceballos and Yang introduced hydricity of metal-hydride complex as a descriptor for HCOO- 

selectivity21. Based on the correlation between standard redox potentials and pKas for the aromatic 

nitrogen-heterocycles molecules, Marjolin and Keith proposed to use the computationally derived 
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Pourbaix diagram triple points to predict catalysts that would facilitate proton and electron 

transfers for efficient CO2 reduction31. On the other hand, most studies on molecular catalysts 

focus on using the potential energy profile along the reaction pathway from computationally 

optimized reactant, intermediate and product structures to predict the limiting potential, proton-

coupled electron transfer (PCET)32, 33 steps and product selectivity.  

Cyclam, i.e., 1,4,8,11-tetraazacyclotetradecane, is a class of water-soluble macrocycle 

ligands, which binds strongly to many metal ions34-36. Ni-cyclam has been tested as a catalyst for 

the electrochemical reduction of CO2 and exhibits promising reactivity and CO-selectivity37-41. 

Mechanistic studies establish that CO2 is activated by forming η1-CO2 adduct on the reduced metal 

center of Ni-cyclam and then reduced to CO through concerted proton-electron transfer steps33, 42. 

Can other metal-cyclam complexes act as electrocatalysts to reduce CO2? If they are, will they be 

only selective toward CO?  With these questions in mind,  we investigated metal-cyclam 

complexes, [(cyclam)M]n (Figure 143, trans-III isomer) or [LM]n, with various transition metal ions 

(M = Cr, Mn, Fe, Co, Ni, Mo, Tc, Ru, Rh, Pd, W, Re, Os, Ir, and Pt) for electrocatalytic CO2 

reduction based on reaction free energies determined from DFT calculations. We show that pKa 

of the proton adduct can be utilized as a descriptor to identify a metal center on which the reduction 

follows either the CO or hydride cycle. For the catalysts that facilitate the hydride cycle, we 

developed a quantitative relationship between the first reduction potential of catalysts and BDFE 

of the M-H bond, which can be used as a measure of the formation free energy of HCOO-. The 

results allowed us to identify the CO selective catalysts and determine the operating pHs as well 

as the HCOO- selective catalysts based on earth-abundant metals. 
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II. Results and Discussion

To validate the methodology and adequacy of theory level and basis sets, we compared our 

calculated reduction potential of [LNi]2+ (Ni-cyclam) with both previous experimental37 and 

computational studies33. The experimental study reported a reduction potential of -0.90 V for 

[LNi]2+  in an aqueous solution at pH 4.1, corresponding to a standard reduction potential of -0.66 

V. Our calculated standard reduction potential is -0.64 V, in very good agreement with the 

experimental result. We note that Song et al.33 reported a reduction potential of -1.12 V for [LNi]2+. 

A closer examination revealed that our calculated reaction free energy for the reduction from 

[LNi]2+ to [LNi]+ differ from their value by only 3.18 kJ/mol (equivalent to ~ 0.03 V in reduction 

potential). Considering the differences in the code, basis sets and functionals used in these studies, 

the level of agreement is quite remarkable. The difference in the calculated standard reduction 

potential can be attributed to the different solvent models used in the studies: we used an implicit 

aqueous solvent model whereas Song et al. used a solvation model simulating a 1:4 mixture of 

water and acetonitrile. The calculated reduction potentials of [LMo]2+ (4d metal) and [LW]3+ (5d 

metal) using B3LYP-D3 were compared with those based on MN15, a hybrid meta-GGA 

functional, which is considered to be more accurate for 4d and 5d metals44. The calculated 

Figure 1. Trans III cyclam conformation with a metal center, M (M = Cr, Mn, Fe, Co, Ni, Mo, Tc, Ru, Rh, Pd, W, 
Re, Os, Ir, and Pt with different oxidation states).
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reduction potentials of [LMo]2+ and [LW]3+ with MN15, -1.23 V and -1.46 V, respectively, are in 

reasonably good agreement with -1.33 V and -1.54 V, respectively, from  B3LYP-D3.

We examined metal ions of elements in groups 6 to 10 and series 3d to 5d coordinated with 

the cyclam macrocycle. For groups 6 to 8, the metal ions may exist at different oxidation states. In 

fact, different oxidation states for these elements were reported in previous studies, e.g. Co (II)45, 

Co (III)46, Cr (II)47 and Cr (III)48. We calculated the first reduction potential (E˚) for complexes 

with the metal ion in 3+, 2+ and 1+ initial oxidation state for groups 6 to 9 and used E˚ as a criterion 

to select the potential catalyst for CO2 reduction. The reduction potentials for CO2/CO and 

CO2/HCOOH are -0.104 V49   and -0.199 V49, 50 (vs. SHE), respectively. Therefore, metal-cyclam 

complexes with E˚ more positive than  -0.104 V were ruled out as CO2 reduction catalysts since 

they cannot reduce CO2 to either CO or HCOO-. Calculated first reduction potentials for metal 

ions of Cr, Mn, Fe, Co, Ru, Rh, Os and Ir in the 3+ oxidation states of the complexes have been 

presented in Table S1 in Supporting Information. Based on the above criterion, the 3+ oxidation 

state of these complexes was excluded from further studies. For group 10, only the 2+ oxidation 

state was considered.

Electrocatalytic CO2 reduction to HCOO- 51 and CO49 in an aqueous medium may occur 

according to the following reactions: 

CO2(g) + H+
(aq.) + 2e- HCOO-

(aq.) (1)

CO2(g) + 2H+
(aq.) + 2e- CO(g) + H2O(l) (2)

Figure 2 shows the origin of selectivity of either hydride or CO during CO2 electrochemical 

reduction. The electrocatalytic reduction of CO2 starts with the formation of the nucleophile 

([LM](n-1)) by reducing the parent electrocatalyst52-54 (step i). [LM](n-1) can then react either with a 

proton, branching out to the hydride cycle (step ii), or with CO (step iii), bifurcating to the CO 
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cycle55. The reaction free energy of the protonation step (ΔGrxn(PT)) (eqn. 3) determines whether 

the formation of the proton adduct ([LM-H](n)) is favorable or not:

[LM](n-1) + H+ [LM-H]n : Grxn(PT) (3)

where ΔGrxn(PT) relates to pKa of [LM-H]n and pH through eqn. 4.

Grxn(PT) = 2.303RT(pH - pKa[LM-H]n) (4)

Therefore, ΔGrxn(PT) (step ii) can be tuned by adjusting pH relative to the pKa of [LM-H]n.  If pH 

is set at a value lower than the pKa of [LM-H]n, ΔGrxn(PT) is negative, indicating that protonation 

is exergonic, which will drive the reaction into the hydride cycle. In contrast, if pH > pKa, 

protonation will not be thermodynamically favorable. In the latter case, the metal ion will be open 

for CO2 binding and steer the reaction to the CO cycle through step iii. 

The hydride and CO cycle bifurcate from [LM](n-1) and the reaction can proceed through 

either the hydride or CO cycle, depending on the pKa of [LM-H]n. Figure 3 presents the computed 

pKa values of [LM-H]n  for all complexes with different metal centers at 3+, 2+ and 1+ oxidation 

states. The pKa values of the metal-cyclam complexes for the metal ions at the same oxidation 

Figure 2. The first two steps in electrocatalytic pathways of CO2 reduction leading to hydride and CO cycle in an 
aqueous medium on the cyclam based catalyst (L =cyclam and M = metal center). The light green arrow shows 
common step shared by the hydride and CO cycles, Numbers in parenthesis show step number.

[LM]n + e- [LM](n-1)

H+

[LM-COO](n-1)

CO2

(i)

(iii)

(ii)

Grxn(PT)E°
[LM-H]n (Hydride cycle)

(CO cycle)
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state decrease in general from left to right across the periodic table, whereas the pKa value of [LM-

H]+ is higher than those of [LM-H]2+ and [LM-H]3+.

Overall, decreasing pKa value corresponds to a decrease in Brønsted acidity from left to 

right across the periodic table and from top to bottom in a group. Figure 3 also shows that most 

[LM-H]n have pKa values higher than 14 (pKa of water) except for [LNi-H]2+, [LPd-H]2+ and [LTc-

H]3+. Based on eqn. 4, ΔGrxn(PT) will always be negative for the metal-cyclam complexes with 

pKa > 14 even under the most basic conditions. On the other hand, ΔGrxn(PT) can be positive or 

negative for the complexes with pKa < 14,  depending on pH. The metal-cyclam complexes with 

 

Figure 3. The computed pKa values of [LM-H]n for metal ions in cyclam used in this study (The solid lines 
are guide for the eye).
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pKa > 14 will always drive the reaction to follow the hydride cycle, whereas [LNi]+, [LPd]+ and 

[LTc]3+ have the potential to catalyze the CO cycle by controlling pH > pKa of [LM-H]n. Therefore, 

[LNi]+,  [LPd]+ and [LTc]3+ will first bind CO2 and then facilitate the reactions to follow the CO cycle. 

In the following, we will discuss these CO selective catalysts first.

The CO Cycle. The experimental pKa value of 1.8156 for [LNi-H]2+ was used as a reference 

for the determination of pKa values of other complexes within the isodesmic proton exchange 

scheme, as detailed in section 1 of Supporting Information. Accordingly, pKa of 6.10 and 4.10 for 

[LPd-H]2+ and [LTc-H]3+, respectively, were obtained.  Based on eqn. 4, protonation of [LNi]+, [LPd]+ 

and [LTc]2+ will not be spontaneous if the pH of the reaction solution is held at a value higher than 

the corresponding pKa. Under such a condition, CO2 can bind [LNi]+, [LPd]+ and [LTc]2+ to form 

[LNi-COO]+, [LPd-COO]+ and [LTc-COO]2+ adducts, respectively, and eventually be reduced to CO 

after completing the CO cycle (Figure 5). To facilitate CO2 binding, the formation of the CO2 

adduct with [LNi]+, [LPd]+ and [LTc]2+ needs to be more competitive energetically than the 

protonation of the metal ion of those complexes.  Protonation free energies of [LNi]+, [LPd]+ and 

[LTc]2+  were calculated to be -10.25, -34.77 and -23.38 kJ/mol, respectively, at pH = 0. The free 

energy of CO2(g) binding at 1 atm CO2(g) on these metal ions in the complex are 5.77, 18.49 and 

48.39 kJ/mol, respectively (eqn.5). 

 [LM]+ + CO2(g) [LM-COO]+ : Grxn[LM-COO]+(CO2(g)) (5)°

According to eqn. 4, the free energy of protonation equals to the free energies of CO2(g) binding 

(eqn. 5) at pH = 2.82 for [LNi]+, pH = 9.34 for  [LPd]+ and pH =12.60 for [LTc]2+. Under acidic pH, 

CO2 may participate in the reaction as H2CO3,
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  [LM]+ + H2CO3(aq.) [LM-COO]+ + H2O(l) : Grxn[LM-COO]+(H2CO3) (6)°

The formation energies of the CO2 adducts from H2CO3, based on the reaction shown in eqn. 6 are 

-24.24 , -11.52 and  18.38 kJ/mol for [LNi]+ , [LPd]+ and [LTc]2+ respectively. The significantly lower 

ΔG˚rxn[LM-COO]+
(H2CO3) indicates that the dissolved CO2 in the form of H2CO3 in an aqueous 

solution will make the formation of CO2 adducts exergonic for [LNi]+ and [LPd]+  but not on [LTc]2+ 

under the acidic pH of electrochemical reduction of CO2. Furthermore, the protonation free energy 

of [LTc-COO]2+ (defined in eqn. 4 ) is positive even at pH = 0 (13.30 kJ/mol) as pKa of [LTc-

COOH]3+ is 2.33, making [LTc]3+ not a catalyst for CO2 reduction to CO. Therefore, we excluded 

[LTc]3+ from further study.

Generally, CO2 binds the metal centers in the η-CO2 coordination in the [LM-COO]+ 

complexes formed with [LNi]+ and [LPd]+ 57. The optimized molecular geometries (top and side 

view) of the [LM-COO]+ complexes together with the HOMO and LUMO molecular orbitals are 

summarized in Figure 4. The upper row of Figure 4 collects the optimized geometries of [LNi-

COO]+ in top and side views, the LUMOs and HOMOs of [LNi-COO]+, [LNi]+ and CO2  and lower 

rows are for the [LPd]+ complexes. The interaction between CO2 and the metal center is primarily 

through the stabilized LUMOs (2πg) of CO2 and β-HOMOs (predominantly dz2 of the metal) of 

the metal complexes. In addition, CO2 bound to [LNi]+ is further stabilized by the hydrogen bonding 

through both oxygen atoms of CO2 to the H atoms of the ligand. The O-C-O bond angle is 139.07˚, 

consistent with the fact that CO2 is in an activated configuration. On the other hand, only one 

oxygen atom of [LPd-COO]+ is close enough to facilitate hydrogen bonding interaction due to a 

longer Pd-C bond length (2.11 Å)  than Ni-C (2.08 Å), resulting in a weaker binding of CO2 to 

[LPd]+. The O-C-O bond angle of [LPd-COO]+  is 139.64˚, consistent with the fact that CO2 is 
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activated but to a lesser degree. The optimized [LNi-COO]+ structure, including bond distances, O-

C-O angle, as well as the general features of HOMO and LUMO, is in close agreement with the 

previous report33. We note that the stabilization of adsorbed CO2 through hydrogen bonding has a 

significant contribution to the overall stabilization of adducts. To understand CO2 binding in these 

complexes, we conducted AIM charge analysis of [LM-COO]+ and presented the results in Table 

S2 of Supporting Information. The results of AIM analysis show that the net charge on CO2 is ~ 

0.1 |e| more negative in [LNi-COO]+ (-0.66 |e|) than in [LPd-COO]+ (-0.55 |e|).  The AIM charges are 

consistent with the observation that CO2 is in a more activated state in [LNi-COO]+ than [LPd-COO]+. 

These results show that direct LUMOCO2    HOMO[LM]+ interactions, hydrogen bonding with the 

ligand as well as charge transfer from the metal center to CO2 contribute to the binding and 

activation of CO2. 

Figure 4. Upper rows: optimized molecular structure of [LNi-COO]+(side view and top view), HOMOs and LUMOs 
of [LNi]+ and [LNi-COO]+. Lower rows: optimized molecular structure of [LPd-COO]+(side view and top view), 
HOMOs and LUMOs of [LPd]+, and [LPd-COO]+.
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2.492A°

139.07°

2.
08

A
°

139.64°

2.
11
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[LNi]+

 orbitals  orbitals  orbitals  orbitalsoptimized geometry

[LPd]+

[LNi-COO]+

[LPd-COO]+

top view

top view

side view

side view

Page 11 of 29 Dalton Transactions



12

Following the formation of CO2 adducts, further reduction of CO2 is completed through a 

series of electron and proton transfer steps, as shown in Figure 5 33. Reduction and protonation of 

[LM-COO](n-1) leads to the carboxylate adduct ([LM-COOH](n-1)),  which can be achieved through 

either concerted proton-electron transfer (CPET; H+ + e-) (step iii) or sequential electron-proton 

transfer (SEPT; ET-PT) (step iv and v).  The CPET process dominates at pH ≤ pKa of [LM-COOH](n-

1). Combination of [LM-COOH](n-1) with a proton causes [LM-COOH](n-1) to dissociate into metal-

carbonyl ([LM-CO]n) (step vi) and water as a result of the C-O bond cleavage. Dissociation of  [LM-

CO]n to [LM]n and CO regenerates the catalyst (step vii). The reduction potentials of the initial 

catalysts E˚ and the CO2 adducts (step iv) (vs. SHE), pKa of [LM-COOH]+, reaction free energy for 

proton transfer and the accompanied C-O bond cleavage as well as the dissociation energy of [LM-

CO]n to CO and [LM]n for [LNi]2+ and [LPd]2+ are summarized in Table 1.

Table 1. The first reduction potential of [LM]2+ (E˚) and the reduction potential of CO2 adducts (step iv) vs. SHE, pKa 
values of [LM-COOH]+, reaction free energy of proton transfer and C-O bond cleavage and dissociation energy of [LM-
CO]2+ to  CO and [LM]2+.

Catalyst Red. Pot of 
[LM]n

(V) (i)*

Red. Pot of 
[LMCOO](n-1) 

(V) (iv)*

pKa of
[LM-COOH]+

Proton  transfer and C-O 
bond cleavage (kJ/mol) 

(vi)*

Dissociation energy of [LM-CO]n  
(kJ/mol) (vii)*

[LNi]2+ -0.64 -0.95 7.31 -24.26 -10.77

[LPd]2+ -1.21 -1.00 4.37 -120.04 -24.20

*Step number according to Figure 5
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Ni(II) Cyclam Complex. The binding of CO2 to [LNi]+ to form [LNi-COO]+ has already been 

discussed. The formation of [LNi-COOH]+ from [LNi-COO]+ can be achieved through either CPET 

(step iii) or SEPT (steps iv and v). The one-electron reduction potential of [LNi-COO]+ following 

step iv was found to be -0.95 V. The calculated pKa of [LNi-COOH]+ is 7.31, corresponding to a 

neutral pH. In experimental studies, CO2 reduction on [LNi]2+ was carried out at pH 4.1 and 7.0. 

This pH range corresponds to a reduction potential range of -1.18 V and -1.37 V for step iv. The 

typically applied potential for CO2 reduction is -1 ~ -1.3 V,58-60 indicating that CO2 reduction is 

less likely to proceed through SEPT under the experimental conditions. The pKa of 7.31 for [LNi-

COOH]+ shows that CPET will be the dominant path at acidic or neutral pHs. At pH > 7.31, SEPT 

becomes the only possible mechanism, which will not be operable due to the more negative 

reduction potential than that for step iv.  Indeed, Beley et al. only detected a trace amount of CO 

in basic pH (~ 10.6) at an applied potential of -1.05 V37. Our result of CO selectivity can be only 

Figure 5. Electrocatalytic cycle of CO2 reduction to CO. Bright green color arrow shows (step i) shared 
step with hydride cycle . Blue arrows show CPET step.

[LM]n

e-

[LM](n-1)

[LM-COO](n-1)

[LM-COOH](n-1)

H+

H2O
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achieved in the range of 1.8 < pH < 7.31 is consistent with this experimental observation. 

Subsequent proton transfer to [LNi-COOH]+ (step vi) results in a spontaneous C-O bond cleavage,  

forming water and [LNi-CO]2+. The dissociation of [LNi-CO]2+ into [LNi]2+ and CO is also exergonic 

(step vii), indicating that the regeneration of the catalyst following CO adduct formation is 

spontaneous.

Pd(II) Cyclam Complex. On the Pd cyclam complex, the reduction potential of [LPd-COO]+ 

to [LPd-COO]0  is -1.00 V (step iv). This reduction potential lies in the range of typically applied 

potentials for CO2 reduction (-1 ~ -1.3 V58-60), indicating that SEPT (step iv and v) is a likely route 

for [LPd-COOH]+ formation. The calculated pKa of [LPd-COOH]+ is 4.37, which indicates that CPET 

(step iii) is not the dominant pathway in neutral pH. The proton transfer to [LPd-COOH]+ causes the 

C-O bond cleavage, forming [LPd-CO]2+ and water (step vi). The reaction free energy of this step 

indicates an exergonic reaction. CO desorption from [LPd-CO]2+ is also exergonic, resulting in 

spontaneous regeneration of the catalyst (step vii).

The Hydride Cycle. Figure 6 shows the complete hydride cycle for CO2 reduction to 

HCOO- and proton reduction to H2. The hydride cycle leads through the protonation of [LM](n-1) to 

a proton adduct ([LM-H](n)) (step ii). Once [LM-H]n is formed, it may subject to further one-electron 

reduction, resulting in the formation of complex metal hydride ([LM-H](n-1)) (step iii).  This [LM-

H](n-1) can react either with CO2 to form HCOO- or with a proton to evolve H2, and then returns the 

catalyst to its initial state. The selectivity of HCOO- in the hydride cycle is determined by the 

reaction free energy difference between HCOO- formation (Δ (HCOO-))  (step iva) and H2 𝐺°
𝑟𝑥𝑛

evolution (Δ (H2)) (step ivb). 𝐺°
𝑟𝑥𝑛
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Most metal-cyclam complexes favor the hydride cycle energetically because pKa of [LM-

H]n with these metal ions is higher than 14.  The calculated reduction potentials for the first electron 

transfer step (step i, E˚), pKa values of [LM-H]n, the reduction potential of [LM-H]n (step iii, E˚hyd) 

and BDFEs of M-H bond in [LM-H](n-1) are presented in Chart 1.

The selectivity between HCOO- and H2 catalyzed by these metal-cyclam complexes 

depends on the difference between the reaction free energy of [LM-H](n-1) reacting with CO2  (step 

iva) and that combining with proton (step ivb). Because HCOO- is thermodynamically stable at 

pH higher than 7.4051, pH = 7.40 sets the low limit for CO2 reduction to HCOO-. At pH  > 7.40, 

HCO3
- and CO3

2- in addition to CO2(g) could participate in the reaction with [LM-H](n-1), as shown 

in equations (7-9). The corresponding reaction free energies have been presented in Table S3 of 

Supporting Information.

Figure 6. Hydride cycle for CO2 reduction to HCOO- and proton to H2. Bright green color shows 
shared step with CO cycle.
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[LM-H]+ + HCO3
-
(aq.) [LM]2+ + OH- + HCOO- :Grxn(HCOO)(HCO3-) (8)

[LM-H]+ + CO3
2-

(aq.) + H2O(l) [LM]2+ + 2OH-
(aq.) + HCOO- :Grxn(HCOO)(CO3--) (9)

[LM-H]+ + CO2(g) [LM]2+ + HCOO- :Grxn(HCOO)(CO2(g)) (7)°

°

°

The reaction free energies for HCOO- formation from CO2(g), HCO3
- and CO3

2- follows a trend of 

Δ (HCOO-)(CO2(g)) < Δ (HCOO-)(HCO3-) < Δ (HCOO-)(CO3--), with Δ (HCOO-)(CO2(g)), 𝐺°
𝑟𝑥𝑛 𝐺°

𝑟𝑥𝑛 𝐺°
𝑟𝑥𝑛 𝐺°

𝑟𝑥𝑛

being 4.37 kJ/mol lower than Δ (HCOO-)(HCO3-). Therefore, CO2(g) is thermodynamically the 𝐺°
𝑟𝑥𝑛

most favorable reactant. On the other hand, HCO3
- may contribute to the formation of the HCOO- 

species under the more basic conditions as it is the most abundant and only less favorable by 4.37 

kJ/mol in reaction free energy, consistent with the experimental results56, 61-65. In the remaining 

discussion, Δ (HCOO-)(CO2(g)) will be used since it is the lowest among these reaction free 𝐺°
𝑟𝑥𝑛

energies.

For the competing hydrogen evolution, water or HCO3
- (step ivb in Figure 6) can supply 

proton, as shown in eqn. 10 and 11, 

 [LM-H]+ + HCO3
-
(aq.) [LM]2+ + CO3

2-
(aq.) + H2(g) :Grxn(H2)(HCO3-) (11)

[LM-H]+ + H2O(l) [LM]2+ + OH-
(aq.) + H2(g) :Grxn(H2)(H2O) (10)

°

°

The corresponding reaction free energies (Δ (H2)(H2O) and Δ (H2)(HCO3-)) ) have been 𝐺°
𝑟𝑥𝑛 𝐺°

𝑟𝑥𝑛

included in Table S3 of Supporting Information. Hydrogen evolution reaction is more favorable 

with HCO3
- being the proton source than H2O, as indicated by the reaction free energy difference 

of Δ (H2)(H2O) - Δ (H2)(HCO3-) = 21.38 kJ/mol. Since water is available throughout the entire 𝐺°
𝑟𝑥𝑛 𝐺°

𝑟𝑥𝑛

pH range, we use Δ (H2)(H2O) to compare reactions under different conditions. The difference 𝐺°
𝑟𝑥𝑛

between Δ (HCOO-)(CO2(g)) and Δ (H2)(H2O) is constant, as shown in eqn. 12. 𝐺°
𝑟𝑥𝑛 𝐺°

𝑟𝑥𝑛

 Grxn(HCOO-)(CO2(g)) = Grxn(H2)(H2O) - 34.88 kJ/mol (12)°°
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Eqn. 12 shows that Δ (HCOO-)(CO2(g)) is 34.88 kJ/mol lower than ΔG˚rxn(H2)(H2O), indicating 𝐺°
𝑟𝑥𝑛

that HCOO- formation is always favored over hydrogen evolution under basic conditions where 

H2O is the primary source of the proton.

Δ (HCOO-)CO2(g) can be divided into reaction free energies of a stepwise process 𝐺°
𝑟𝑥𝑛

consisting of homolytic dissociation of the metal hydride complex followed by oxidation of [LM](n-

1) and simultaneous reduction of H0 to H- and the combination of H- with CO2 to form HCOO-, as 

shown in Figure 7. Oxidation of [LM](n-1) is the reverse of [LM]n reduction, and the reaction free 

energy equals -nFE˚. Since E˚ is negative, the reaction free energy for oxidation is positive. The 

reaction free energy for the reduction of H0 to H- is constant at -77.82 kJ/mol, and the combination 

of H- with CO2 to form HCOO- is also constant at -100.83 kJ/mol51, which sum to -178.65 kJ/mol, 

as shown in eqn. 13.

Grxn(HCOO-)(CO2(g)) = BDFE -178.65 + 96.48E° (13)
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Chart 1. Calculated Δ (HCOO-)(CO2(g)), shown as Δ , reduction potentials of [LM]n with n = 2+, 1+ and 3+ , shown as E˚, pKa values of [LM-H]n, reduction 𝐺°
𝑟𝑥𝑛 𝐺°

𝑟𝑥𝑛
potentials of [LM-H]n (E˚hyd) and  BDFEs.

Group 6 Group 7 Group 8 Group 9 Group 10

Δ (kJ/mol)𝐺°
𝑟𝑥𝑛

E˚ (V)
E˚hyd (V)
pKa
BDFE (kJ/mol)

 

       /

 [LCr]2+

-121.10
-3.00 
-0.91 
54.26
347.70        

 [LCr]+

-139.84
-3.32
-3.20 
94.15
359.99 

    /

[LMn]2+

-106.19
-1.80 
-0.67
32.45 
245.80     

 [LMn]+

-225.58
-4.27    
-3.03
92.34 
365.77   

[LFe]2+ 

-111.05 
-2.17      
-0.41 
32.64
277.45 

[LFe]+

-94.42
-3.47
-2.00
82.75
410.48      

[LCo]2+

-101.50 
-1.57
-0.55 
26.26
228.33

[LCo]+

-173.84
-3.34
-2.31
73.60
327.87

/

Δ (kJ/mol)𝐺°
𝑟𝑥𝑛

E˚ (V)
E˚hyd (V)
pKa
BDFE (kJ/mol)

[LMo]3+

125.40 
-0.48      
1.41
14.48
350.43 

[LMo]2+

-16.80 
-1.33     
-1.95
61.98
290.70

[LMo]+

-163.53
-3.21
-2.91
83.23
325.32

      /

[LTc]2+

-62.01
-1.86
-1.05
46.83
296.40

[LTc]+

-126.92
-2.84
-2.53
77.00
326.12

[LRu]2+

24.40 
-1.05 
-0.36
36.66
305.17     

[LRu]+

-116.15
-2.34   
-2.51
 70.02
 288.27

[LRh]2+

-74.48
-0.70
-1.42 
31.30
172.56    

[LRh]+

-149.67
-3.31
-1.49
63.22
348.57

/

Δ (kJ/mol)𝐺°
𝑟𝑥𝑛

E˚ (V)
E˚hyd (V)
pKa
BDFE (kJ/mol)

[LW]3+

-20.67
-1.54
- 0.44 
38.17
306.57 

[LW]2+

-82.12
-1.88
-2.17
62.62
278.68   

[LW]+

-120.21 
-2.77 
-2.18
74.34
335.43 

[LRe]3+

83.40
- 0.82 
 0.17
33.91
341.20  

[LRe]2+

25.67
-1.08     
-1.41
55.06
308.55

 [LRe]+

-130.80
-2.84
-2.70
79.20
322.60 

[LOs]2+

50.78
-0.91
-0.58
42.44
317.72      

[LOs]+

-106.70
-2.16     
-2.55
 69.34 
281.25

[LIr]2+

-66.73 
-0.79
-1.79 
26.62
188.23      

[LIr]+

-149.43
-3.34   
-1.64
66.45  
351.61

[LPt]2+

-132.66
-1.99   
 -0.24
22.89
238.71    

Page 18 of 29Dalton Transactions



19

Eqn. 13 dictates a linear relationship between Δ (HCOO-)CO2(g) and E˚, with a slope of 𝐺°
𝑟𝑥𝑛

96.48 and intercept of -178.65. BDFEs calculated using eqn. 13 for all metal centers are presented 

in Chart 1. A plot of Δ (HCOO-)CO2(g)/Δ (H2)H2O versus E˚ is shown in Figure 8. Based on 𝐺°
𝑟𝑥𝑛 𝐺°

𝑟𝑥𝑛

Δ  (HCOO-)CO2(g) and Δ (H2)H2O,  metal-cyclam complexes in Figure 8 can be roughly 𝐺°
𝑟𝑥𝑛 𝐺°

𝑟𝑥𝑛

divided into three groups: (i) Δ (HCOO-)CO2(g) > 0, Δ (H2)H2O > 0 (white region); (ii) Δ𝐺°
𝑟𝑥𝑛 𝐺°

𝑟𝑥𝑛 𝐺°
𝑟𝑥𝑛

(HCOO-)CO2(g) < 0, Δ (H2)H2O > 0; (green region) and (iii) Δ (HCOO-)CO2(g) < 0 and Δ𝐺°
𝑟𝑥𝑛 𝐺°

𝑟𝑥𝑛 𝐺°
𝑟𝑥𝑛

(H2)H2O < 0 (yellow and grey regions). Group (i) includes [LMo]3+, [LRe]3+,  [LOs]2+, [LRe]2+ and 

[LRu]2+ (white region), group (ii) [LMo]2+ and [LW]3+ only (green region)  and group (iii) all the rest 

complexes (yellow and grey regions). The cyclam complexes of group (i) will not be active for 

either CO2 reduction or H2 evolution, group (ii) will selectively reduce CO2 to HCOO- while 

suppressing H2 evolution, and group (iii) will produce both HCOO- and H2 spontaneously. Group 

(iii) region is divided into grey and yellow region based on the standard reduction potential of CO2 

to CO2
•- anion (-1.9 V). The complexes having a first reduction potential higher than -1.9 V are 

 

 Figure 7. Correlation of BDFE of M-H bond, first reduction potential of electrocatalyst (E˚) and Δ𝐺°
𝑟𝑥𝑛

(HCOO-)CO2(g).

[LM]+

[LM]2+ + HCOO-

CO2

H0

e-

CO2

G°rxn(HCOO -)(CO2(g))

+

96.48 
E°

[LM-H]+
BDFE

-178.65
kJ/m

ol
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not considered as catalysts. However, those complexes are included for completeness. The 

complexes in green and yellow regions are potential catalysts for CO2 reduction.

The data in Figure 8 can be quantitatively regressed into two straight lines, with intercepts 

of 180.40 (±5.60) and 93.80 (±3.61) kJ/mol, respectively. The first line passes (blue line) through 

[LMn]+, [LCo]+, [LCr]+, [LW]+, [LMo]+, [LIr]+, [LRh]+, [LCr]2+, [LTc]+, [LRe]+, [LRu]+, [LOs]+, [LFe]2+,  

[LTc]2+, [LW]3+ [LMo]2+, [LRu]2+, [LRe]2+, [LOs]2+, [LRe]3+ and [LMo]3+. The calculated BDFE using 

the intercept of the first line is 324.17 (± 5.60) kJ/mol. This line overlaps the Δ (HCOO-)CO2(g) 𝐺°
𝑟𝑥𝑛

< 0 and Δ (H2)H2O > 0 region in a reduction potential range of -1.4 to -1.8 V. The second line 𝐺°
𝑟𝑥𝑛

connects [LCo]2+ , [LW]2+  [LMn]2+ and [LPt]2+ and has an intercept of  93.80 (±3.61) kJ/mol, 

resulting in a BDFE of 237.57 (±3.61) kJ/mol. The second line overlaps the Δ (HCOO-)CO2(g) 𝐺°
𝑟𝑥𝑛

< 0 and Δ (H2)H2O > 0 region in reduction potential range of -0.6 to -1.0 V.  [LFe]+ (left end) 𝐺°
𝑟𝑥𝑛

and [LIr]2+and [LRh]2+ (right end) do not fit in either of the two lines. 

A low limiting potential is highly desirable for CO2 reduction as it is critical to achieve an 

overall high energy efficiency. The limiting potential for CO2 reduction to HCOO- is determined 

by the first reduction potential of the catalyst. Figure 8 correlates Δ (HCOO-)CO2(g) with the 𝐺°
𝑟𝑥𝑛

first reduction potential of the catalysts. For the same metal center, the limiting potential increases 

as the formal oxidation number decreases and follows an order of 3+ state < 2+ state < 1+ state. 

Among the complexes, the limiting potential of [LRh]2+ is the lowest and [LIr]2+ is the close second. 

However, Rh and Ir are precious metals and not economical for practical applications. The next 

group includes [LMo]2+, [LW]2+, [LCo]2+ and [LW]3+. These metals are earth-abundant and 

significantly less expensive. More importantly, ([LMo]2+ and [LW]3+) are selective to HCOO- while 

suppressing hydrogen evolution, making them attractive as catalysts for electrochemical reduction 

of CO2 to HCOO-. These results also indicate the initial complex may need more than one electron 
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reduction before becoming an active center for CO2 reduction. Two electron reduction of the metal 

center to activate the complex for CO2 reduction has been reported on cobalt aminopyridine66. 

Simultaneous reduction of Ni cyclam with CO2 was also reported39.

We further examined the hydride transfer from [LM-H](n-1) to CO2 using constrained 

structural relaxation, allowing us to validate the prediction based on the correlation between Δ𝐺°
𝑟𝑥𝑛

(HCOO-)CO2(g) and limiting potentials. For the catalysts that catalyze HCOO- formation, i.e. Δ𝐺°
𝑟𝑥𝑛

(HCOO-)CO2(g) < 0, H- at the metal center of [LM-H](n-1)  will be transferred to CO2, resulting in 

HCOO- formation. The constrained structural relaxation starts by aligning the C atom of CO2, the 

     
Figure 8. Relationship of Δ (HCOO-)(CO2(g)) and Δ (H2)(H2O) with E˚ for different metal ions. For blue 𝐺°

𝑟𝑥𝑛 𝐺°
𝑟𝑥𝑛

trend line, y = 96.5x + 180.40 (±5.80), R2 = 0.93 and for red line. y = 96.5x + 93.80(±3.61), R2 = 0.88.
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H atom and metal ion of [LM-H](n-1) linearly and roughly in perpendicular to the plane formed by 

the N atoms of the complex,  as shown in Figure 9. This initial structure was then allowed to relax 

along the M-H-C coordinate. We started from [LMo-H]+ with CO2 at initial distances between Mo 

and C of 4.5 Å, 4.0 Å and 3.5 Å and found that hydride transfer occurred for an initial distance of 

3.5 Å. At 4.5 and 4.0 Å, CO2 drifted away from the complex as the relaxation progressed. We then 

used 3.5 Å as the initial distance for CO2 with [LRh-H]+ and [LCo-H]+ of group iii as well as [LRe-

H]+ of group i in the constrained structural relaxation and summarized the results in Figure 9. As 

shown in Figure 9, CO2 abstracted H- from [LMo-H]+, [LRh-H]+ and [LCo-H]+ at an initial distance 

of 3.5 Å, resulting in HCOO-. In contrast, there was no hydride transfer from [LRe-H]+ at the same 

initial distance and the CO2 molecule ended up drifting away from the complex. These results 

directly support the predicted reactivity of these metal-cyclam complexes for CO2 reduction, i.e. 

the group ii and iii complexes enable spontaneous reduction of CO2 to HCOO- following the 

hydride cycle while the group i complexes do not facilitate CO2 reduction.  

Figure 9. Initial geometries (a), (b), (c), and (d)  and relaxed geometries (e),(f), (g) and (h) showing hydride 
transfer from the metal center  to CO2 from [LM-H]+; with M = Mo (a,e) , Rh(b,f) , Co (c,g) , and Re (d,h), 
respectively.

4.42A°

3.50A°

3.36A°

3.50A°

d)b)a)

h)f)e)

3.50A°

3.32A° 3.16A°

3.50A°

c)

g)

Page 22 of 29Dalton Transactions



23

We then analyzed charge partition between CO2 and [LM-H]+ before and after the hydride 

transfer for [LMo-H]+, [LRh-H]+ and [LCo-H]+ and presented the results in Table S4 of Supporting 

Information. The results show that while the charge on the H atom of [LM-H]+ in the initial 

configuration is not -1 (-0.62 for [LMo-H]+, -0.53 for [LRh-H]+ and -0.70 for [LCo-H]+), the total 

charge on the HCOO group upon the [LM]-H-COO-  adduct formation is very close to -1 ( ≥ - 

0.90), indicating a complete transfer of H-.  Following the hydride transfer to CO2, the total charge 

on the cyclam complex becomes 1.94 for [LMo]2+, 1.90 for [LRh]2+ and 1.96 for [LCo]2+, indicating 

the regeneration of the initial catalyst. 

General Discussion. The results show that binding of proton and CO2 at the reduced metal 

center led to the hydride and CO cycles through the [LM-H]n and [LM-COO](n-1) adducts, 

respectively.  [LM-H]n can be further reduced to metal-hydride, which may then react with CO2 to 

form HCOO- or with a proton to produce hydrogen. On the other hand, [LM-COO](n-1) can be 

reduced to CO through further protonation and reduction.

The pKa of [LM-H]n can be treated as a descriptor to determine whether protonation of [LM](n-

1) is spontaneous or not. Protonation of reduced metal center enables the hydride cycle at a pH 

lower than the pKa of [LM-H]n (see eqn. 4).  At a pH higher than the pKa of [LM-H]n, protonation 

of [LM](n-1) becomes endergonic,  which will open up the metal center for direct CO2 binding and 

steer the reaction to the CO cycle. Both kinetics and thermodynamics contribute to the observed 

selectivity of electrochemical CO2 reduction and the coordination environment of the metal center 

could play important roles22, 67. Previous experimental studies showed that HER was dominant for 

pH < 3 whereas CO2 reduction to CO became dominant for pH > 3  on the Co-porphyrin catalysts68. 

Similarly, hydrogen was the only product at pH = 3.7 whereas a faradic efficiency of > 90% for 

CO at pH = 6.7 was reported on iron porphyrin69 .The pH-dependent selectivity reported in those 
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studies indicate that the kinetic barrier for protonation of the reduced metal center is low. We note 

that aqueous solution has been assumed for CO2 reduction in the present study. The kinetics and 

thermodynamics for CO2 reduction on a metal center with a different coordination environment in 

a different solvent can be very different, as shown on the Lehn-type catalysts67, 70.

Protonation of [LM-COO](n-2) in the CO cycle is also a pH-dependent reaction. The pH needs 

to be maintained at a value lower than the pKa of [LM-COOH](n-1) to facilitate the reduction of [LM-

COO](n-2) through CPET (step iii, Figure 5). We note, however, the pH has to be high enough to 

prevent protonation of [LM](n-1). Therefore, a working pH for selective CO production can be 

established in the range of higher than the pKa of [LM-H]n but lower than the pKa of [LM-COOH](n-1). 

For the CO-selective catalysts identified in this study, the operating pH values are in the range of 

1.81 to 7.31 for [LNi]2+ and higher than  6.10 for [LPd]2+, respectively.  The Ni-cyclam complex has 

already been shown as a CO selective catalyst37, 39, 60 in medium acidic to neural pHs and we 

predicted that the Pd-cyclam complex is also CO-selective under more basic pHs. On the other 

hand, if pKa of [LM-COOH](n-1)  ≤  pKa of [LM-H]n, both hydride and CO cycles become accessible 

in an aqueous medium, resulting in mixed products. For example, both CO and hydride cycles are 

possible and will produce CO, HCOO- and H2 on [LPd]2+ with an operating pH below 4.37 (pKa of 

[LPd-COOH]+).

The pKa of [LM-H]n for the majority of metal-cyclam complexes studied here is higher than 

14,  making protonation of [LM](n-1) spontaneous even at the most basic pH level. These complexes 

will catalyze the reactions through the hydride cycle. The [LM-H]n can be reduced to [LM-H](n-1), 

which will then react with CO2 or proton to produce HCOO- or H2. The difference between the 

reaction free energies for HCOO- and H2 formation (Δ (HCOO-)CO2(g) - Δ (H2)(H2O) = -34.88 𝐺°
𝑟𝑥𝑛 𝐺°

𝑟𝑥𝑛

kJ/mol) indicates that HCOO- formation is always thermodynamically favorable and provides an 
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energy window that we can use to select catalysts that are HCOO- selective while suppressing 

hydrogen evolution. Based on this criterion, we predicted that [LMo]2+ and [LW]3+ are HCOO- 

selective catalysts. We also demonstrated that there is a correlation between Δ (HCOO-)CO2(g) 𝐺°
𝑟𝑥𝑛

and limiting potential of catalyst. The BDFE of M-H bond in metal-hydride determines the 

difference in limiting potentials for catalysts with a similar Δ (HCOO-)CO2(g), indicating that 𝐺°
𝑟𝑥𝑛

BDFE can be used as a descriptor to select a catalyst with low limiting potential. A similar linear 

correlation between the first reduction potential of electrocatalysts and hydricity for a small data 

set has been reported for the hydride of Ni bis(PR
2NR'

2) and Pd bis(diphosphine) complexes71-74. 

Furthermore, Waldie et al. based on comprehensive thermodynamic data of 51 complexes also 

confirmed this correlation26.

III. Conclusions

Electrochemical CO2 reduction to CO and HCOO- on the metal-cyclam complex molecular 

catalysts with group 6-10 transition metal ions have been studied using the DFT computational 

method. Our results show that the pH relative to the pKa of [LM-H]n determines whether [LM](n-1) 

can be protonated to steer the reaction to the hydride. On the other hand, the pKa of [LM-COOH](n-

1) determines the upper bound of pH for the protonation of the CO2 adduct. Our results show that 

[LNi]2+ and [LPd]2+ are selective to CO in pH ranges of 1.81 to 7.31 and 6.10 and higher, 

respectively. This conclusion of [LNi]2+ being CO selective in acidic pH is consistent with the 

experimental results.

The formation free energy of HCOO- from CO2(g) was used to select a metal-cyclam 

complex as a catalyst for electrochemical CO2 reduction following the hydride cycle. Based on the 

formation free energy difference between HCOO- and hydrogen, [LMo]2+ and [LW]3+ were 
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predicted to be selective to HCOO- while suppressing hydrogen formation. Other catalysts, 

including [LRh]2+, [LIr]2+, [LW]2+, [LCo]2+ and  [LTc]2+ can reduce CO2 to HCOO- while produce 

hydrogen simultaneously. Among them, [LRh]2+ has the lowest limiting potential and [LIr]2+ is the 

close second. The limiting potentials for [LMo]2+, [LW]3+ and [LCo]2+ are in -1.6 to -1.3 V, making 

them promising catalysts for electrochemical reduction of CO2. Since Co, Mo and W are earth-

abundant, the catalysts based on them are more attractive for practical application. The present 

study will likely stimulate further interests in experimentally exploring the metal-cyclam 

complexes as CO2 reduction catalysts and the approach will be applicable to screen and select 

other metal complexes as efficient and selective CO2 reduction catalysts. 

IV. Computational Details 

All DFT calculations were carried out using Gaussian 1675 with the B3LYP hybrid 

functional76. Grimme’s D3 dispersion corrections were applied in all calculations77. The Stuttgart-

Dresden effective core potential78 for transition metal elements and 6-31g(d,p) basis set for the 

main group elements were used for geometry optimization and frequency analysis. The type-4 

continuum solvation model (SMD) was used to represent water as an implicit solvent79. The 

stability of wavefunctions for all species has been checked. The spin multiplicity of the resulting 

ground states of individual complexes has been listed in Tables S5(a) and (b) of Supporting 

Information. 

The pKa values of protonated species and reduction potentials of electron transfer steps 

were calculated based on the corresponding reaction free energy. The reduction potentials were 

reported by using the standard hydrogen electrode (SHE) as the reference. The detailed procedures 

for determining pKa and reduction potentials have been provided in Section S1 and S2 of the 

Supporting Information. Thermodynamic cycles used to determine the free energy (G˚) of the 
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reactive anions, including OH-, HCOO-, HCO3
- and CO3

2-, have been detailed in Section S3 of the 

Supporting Information. Bader’s atom in molecule (AIM) charge80 analysis was performed using 

Multiwfn program81.
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