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ABSTRACT: Copper electrocatalysts can reduce CO2 to hydrocarbons at high 

overpotentials. However, mechanistic understanding of CO2 reduction on nanostructured 

Cu catalysts has been lacking. Herein we show that the structurally precise ligand-

protected Cu-hydride nanoclusters, such as Cu32H20L12 (L is a dithiophosphate ligand), 

offer unique selectivity for electrocatalytic CO2 reduction at low overpotentials. Our 

density functional theory (DFT) calculations predict that the presence of the negatively 

charged hydrides in the copper cluster plays a critical role in determining the selectivity 

of the reduction product, yielding HCOOH over CO with a lower overpotential. The 

HCOOH formation proceeds via the lattice hydride mechanism: first, surface hydrides 

reduce CO2 to HCOOH product, and then the hydride vacancies are readily regenerated 

by the electrochemical proton reduction. DFT calculations further predict that hydrogen 

evolution is less competitive that HCOOH formation at the low overpotential. 

Confirming the predictions, electrochemical tests of CO2 reduction on the Cu32H20L12 

cluster demonstrate that HCOOH is indeed the main product at low overpotential while 

H2 production dominates at higher overpotential. The unique selectivity afforded by the 

lattice-hydride mechanism opens the door for further fundamental and applied studies of 

electrocatalytic CO2 reduction by copper-hydride nanoclusters and other metal 

nanoclusters that contain hydrides.  
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1. INTRODUCTION 

The increasing emission of CO2 into atmosphere due to the burning of fossil fuels 

and other human activities has been shown to be the main contributor to global warming 

and climate change.1,2 A promising strategy to alleviate this concern is to convert CO2 

into useful fuels and chemicals.3,4 CO2 itself is, however, very stable and relatively inert, 

making its chemical conversion challenging due to the need of large energy input and 

efficient catalysts. Among the different methods developed for CO2 reduction, 

electrochemical reduction has attracted great attention since it is undertaken at ambient 

conditions and can be powered by renewable energy.5,6 

Numerous research efforts have focused on transition-metal electrocatalysts;7 in 

particular, copper has stood out due to its unique ability to produce significant amounts of 

hydrocarbons from CO2 electroreduction. The product distribution is found to be 

potential-dependent on Cu:8-13 at a less negative potential or small overpotential, 

formation of H2, HCOOH and CO is predominant, while at a sufficiently higher 

overpotential, formation of CH4 and C2H4 becomes major. A main drawback for CO2 

electroreduction on the Cu surface is that the hydrocarbon formation takes place only at a 

high overpotential of about 1 eV. 

Understanding how CO2 is reduced on the Cu surface can shed light on the design of 

new catalysts that decrease the onset overpotential and increase the product selectivity. 

As such, many recent experimental14-25 and theoretical26-32 studies have examined the 

catalytic mechanism of CO2 reduction on the metallic copper surface. It is generally 

accepted that CO is the key intermediate to formation of CH4 and C2H4. Although the 

high-quality single-crystal Cu surfaces can serve as useful benchmark models to elucidate 

how Cu catalyzes the electroreduction of CO2, these model systems usually have low 

specific surface areas. Instead, Cu nanoparticles have been recently explored to tune the 

electrocatalytic activity; the morphology and particle size of the copper 

crystals/nanoparticles have been shown to have a dramatic influence on the catalytic 

activity and product selectivity of CO2 electroreduction.33-35 

Although nanostructured Cu catalysts have been widely investigated for the 

electroreduction of CO2, their surface structures are not well defined to serve as a model 

to reveal the mechanism of CO2 reduction. Different from the bulk metal surfaces and 
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larger nanoparticles, ligand-protected atomically precise metal clusters exhibit not only 

well-defined atomic structures, but also size-dependent electronic, chemical and catalytic 

properties. Many atomically precise Au36,37 and Ag38-41 clusters have been synthesized 

recently, with thiolate,42-44 phosphine,45 or alkynyl ligands.46-49 More excitingly, several 

ligand-protected copper-hydride nanoclusters,50  such as  [Cu14H12(phen)6(PPh3)4][X]2,
51 

[Cu18H7{1,2-S(C6H4)PPh2}10(I)],
52 [Cu20H11{S2P(OiPr)2}9],

53,54 [Cu25H22(PPh3)12]Cl,55 

[Cu28H15(S2CNR)12]PF6,
56 and Cu32H20{S2P(OiPr)2}12,

57 have been crystallized. A 

particularly interesting feature in these copper clusters is the presence of hydrides (H-) 

which can be found at the capping (or surface) sites and/or the interstitial sites. These 

atomically and structurally precise Cu clusters with their well-defined structures provide 

a unique opportunity to understand the mechanism of electrocatalytic CO2 reduction and 

to reveal the role of the hydride ligands that could lead to new mechanistic insights and 

product selectivity. To the best of our knowledge, these structurally precise Cu-H clusters 

have not been tested for electrochemical CO2 reduction. 

 Among the experimentally realized, structurally precise Cu-H clusters, the neutral 

Cu32H20L12 cluster (L= S2P(OiPr)2) offers a diverse set of hydrides of different 

coordination environments that could offer synergy in CO2 reduction. In this work, we 

use the Cu32H20L12 cluster as the prototypical Cu-H nanosystem to investigate its activity 

and selectivity for electrochemical reduction of CO2: first, we reveal the role of hydrides 

and predict the product selectivity by density functional theory (DFT) calculations; then. 

we test the electrocatalytic activity of the synthesized Cu32H20L12 cluster in an aqueous 

solution.  

 

2. METHODS 

Computational. Spin-polarized DFT calculations were performed to investigate the 

electrocatalytic activity of Cu32H20L12 nanocluster for CO2 reduction by using the Vienna 

ab initio simulation package (VASP).58 To save the computational cost, we simplified L 

from S2P(OiPr)2 to S2PH2 as done by others.54,57 The ion-electron interaction is described 

with the projector augmented wave (PAW) method.59 Electron exchange-correlation is 

represented by the functional of Perdew, Burke and Ernzerhof (PBE) of generalized 

gradient approximation (GGA).60 A cutoff energy of 400 eV was used for the plane-wave 
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basis set. The van der Waals interactions were considered and described using the 

empirical correction in Grimme’s scheme (DFT-D3).61 The Cu32H20L12 nanocluster was 

placed in a cubic box with dimension of 25×25×25 Å3. The rod-like cluster is about 1.2 

nm in diameter (in the xy plane) and 1.35 nm in length (along the z direction), and the 

vacuum space distance along the x, y and z directions is 12 Å, 11 Å, and 14 Å, 

respectively. Only the Γ-point was used to sample the Brillouin zone. The climbing-

image nudged elastic band (CI-NEB) method62 implemented in VASP was used to 

determine the minimum energy paths for the non-electrochemical elementary step. The 

convergence threshold for structural optimization was set to be 10-4 eV in energy and 

0.03 eV/Å in force. The transition states were obtained by relaxing the force below 0.05 

eV/Å. 

The reaction free energies of the electrochemical steps with the involvement of 

proton-electron pair were calculated using the computational hydrogen electrode 

proposed by Nørskov et al.63 The change in Gibbs free energy (∆G) for all the 

electrochemical or non-electrochemical steps was defined as ∆G = ∆E + ∆Ezpe − T∆S, 

where ∆E is the different in the DFT total energy, ∆Ezpe is the zero-point energy 

difference calculated from the vibrational frequencies, and ∆S is the entropy difference 

between the products and the reactants. The entropies of the free molecules at 298K and 1 

atm were taken from the NIST database, while the vibrational entropy was considered for 

the adsorbed species. In this work, we considered the reduction of CO2 to HCOOH and 

CO products. To improve the accuracy of PBE functional in predicting the free energy of 

reaction species, we considered the following three types of correction: DFT energy 

correction of free CO2 and CO molecules; the solvation effect of COOH*, OH* and CO* 

species; liquid-phase correction of H2O and HCOOH products. Details of the corrections 

are provided in Supporting Information, including Tables S1 and S2. 

Synthesis of [Cu32(H)20{S2P(O
i
Pr)2}12]. The Cu32 cluster was prepared via the previously 

reported method57 and details are provided in Supporting Information. Briefly, 

[Cu(CH3CN)4](PF6) (0.500 g, 1.340 mmol) dissolved in 10 mL CH3CN was transferred 

to the cooled mixture of NH4[S2P(OiPr2)2] and [NaBH4] suspended in 30 mL CH3CN. 

After stirring at 10 oC for 4 h, 0.2 mL of MeOH was added to reaction mixture over 1 h, 

and then the solvent was evaporated under vacuum. The residue was dissolved in 20 mL 
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dichloromethane (DCM) and washed with deionized water (2 × 30 mL). After the filtrate 

from the DCM layer was evaporated under vacuum, 30 mL methanol was added to the 

dry residue, leading to a turbid solution that was placed in a freezer for several hours for 

the precipitate to settle down. The obtained brown precipitate was further washed with 

acetone and then dried under vacuum, yielding a brown precipitate of 

[Cu32(H)20{S2P(OiPr)2}12] (0.079 g, 41%, based on Cu), which was confirmed by melting 

point, elemental analysis, ESI-MS, 1H-NMR, and 31P-NMR. 

Electrocatalysis experiments. Controlled potential electrolysis (CPE) experiments were 

carried out for 90 min under vigorous stirring with a ZIVE MP1 potentiostat (WonATech, 

Korea) in an H-type cell that was equipped with a composite working electrode, and a 

Ag/AgCl (3 M NaCl) reference electrode in one compartment and a platinum plate (1.68 

cm2) counter electrode in the other compartment. The working electrode and the counter 

electrode were separated by a proton-exchange membrane (Nafion 117; Sigma-Aldrich). 

Both compartments were filled with 60 mL of 0.1 M KHCO3 and 0.4 M KCl solution. 

The working electrode compartment was saturated with CO2 gas. The composite working 

electrode was fabricated by spreading a catalyst ink, prepared by mixing 80 µg of the 

Cu32(H)20{S2P(OiPr)2}12 cluster catalyst, 200 µg of carbon black (Vulcan XC-72) and 3.5 

µL of Nafion solution (5 wt%, Sigma-Aldrich) in 50 µL of tetrahydrofuran, on a gas 

diffusion layer (GDL, model N1S1007, CeTech Co., Taiwan) electrode (2 cm2). The 

amounts of CO and H2 produced were quantified from an analysis of the headspace using 

an Agilent 7890B gas chromatography equipped with a flame ionization detector and 

thermal conductivity detector. HCOOH production was quantified by calibrating the 1H 

NMR spectrum (Bruker Avance II 400 MHz NMR spectrometer) of the product solution 

against 100 ppm acetic acid used as an internal standard.  

 

3. RESULTS AND DISCUSSION 

3.1. Hydrides in the Cu32H20L12 nanocluster. Figure 1 shows the optimized structure of 

Cu32H20L12 nanocluster. The Cu32 skeleton can be viewed as a distorted hexacapped 

rhombohedral core of 14 Cu atoms sandwiched between two nest-like triangular cupola 

fragments of Cu atoms (each cupola comprises of 9 Cu atoms). The 20 hydrides can be 

grouped into 12 tri-coordinated H (µ3-H, capping mode), six tetra-coordinated H (µ4-H, 
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interstitial mode), and two penta-coordinated H (µ5-H, interstitial mode). The 12 µ3-H 

hydrides can be further divided into three µ3-H1, two µ3-H2, four µ3-H3, and two µ3-H4. 

Both µ3-H1 and µ3-H2 are coordinated to the Cu3 triangle of the periphery cupola 

fragments: µ3-H1 neighbors to µ4-H1 and µ4-H2, while µ3-H2 neighbors to µ4-H2 and µ5-

H (as clearly seen in Figure 1). Both µ3-H3 and µ3-H4 (at the central part) bridge Cu3 

triangles of the hexacapped rhombohedron: the difference is that one of µ3-H3’s three 

coordinated Cu atoms is a central Cu without any bonding to S. The six µ4-H hydrides 

can be divided into four µ4-H1 and two µ4-H2: µ4-H1 is located in a tetrahedral interstitial 

site at the interface between the central hexacapped rhombohedron and the periphery 

cupola, while µ4-H2 is located at a tetrahedral interstitial site of the periphery cupola. The 

calculated Bader charges (Table 1) show that these hydrides have a negative charge of -

0.25 ~ -0.34|e|, while the Cu atoms bonded directly with the hydrides and/or the L ligands 

carry a positive charge (+0.20 ~ +0.45 |e|). The many lattice hydrides in the Cu clusters 

can provide the hydrogen source needed for CO2 reduction, against the commonly 

assumed proton-reduction channel whereby hydrogen is sourced from the proton in 

solution.  

 

Figure 1. Atomic structure of Cu32H20L12 nanocluster (L=S2PH2). Color code: orange, Cu; green, 

hydride; yellow, S; purple, P; white, H on the dithiophosphate ligands. Different types of hydrides are 

indicated by the arrows. 
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Table 1. Average Bader charges for different types and numbers of hydrides and Cu atoms in the 

Cu32H20L12 cluster (L=S2PH2). Charge variation (minimum and maximum) are for shown in brackets.  

Atom type Number Bader charge (|e|) 

µ3-H1 4 -0.289 [-0.294, -0.281] 

µ3-H2 2 -0.318 [-0.342, -0.293] 

µ3-H3 4 -0.267 [-0.270, -0.263] 

µ3-H4 2 -0.291 [-0.313, -0.269] 

µ4-H1 4 -0.300 [-0.317, -0.294] 

µ4-H2 2 -0.307 [-0.307, -0.307] 

µ5-H 2 -0.278 [-0.281, -0.274] 

Cu (bonded to H and S) 26 +0.380 [+0.319, +0.434] 

Cu (bonded to H only) 6 +0.237 [+0.210, +0.278] 

 

3.2. CO2 reduction to HCOOH on the Cu32H20L12 nanocluster. DFT calculations 

showed that the exposed capping µ3-H1 hydride has the most favorable binding for the 

CO2 molecule, with a binding strength of -0.24 eV (the adsorption geometry of CO2 is 

shown in Supporting Information, Figure S1). The favorable interaction is attributed to 

the attraction between the negatively charged hydride and the positively charged C of 

CO2 reactant. After CO2 adsorption, the next key initial step of CO2 reduction is where 

the first hydrogen is added (Table 2): C or O of CO2. If H is added to C, then the reaction 

will proceed to form HCOOH; if H is added to O, then the reaction will proceed to form 

CO.64 We first examined the addition of H to C. Table 2 shows that there are two possible 

channels to form HCOO* (an intermediate adsorbed on the catalyst surface): (1) the non-

electrochemical step of CO2 reaction with one of the lattice hydrides (lattice hydride 

channel); (2) the electrochemical step of reacting CO2 with the proton from solution and 

electron from the electrode (proton-reduction channel). Considering the many hydrides 

and different Cu sites in the Cu32 system, we exhaustively explored the HCOO* binding 

at different hydride and Cu sites. The relative energies are summarized in Table S3, and 

the structures are provided in Figures S2 (for the hydride channel) and S3 (for the proton-

reduction channel). One can see that for both channels, µ3-H1 and its associated Cu site 

are the most active for HCOO* binding, while the energy of HCOO* varies up to 1.25 eV 
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for the hydride channel and 0.76 eV for the proton-reduction channel. So in the following 

we focus on µ3-H1 and its associated Cu site for CO2 reduction.  

From the computed free energy change, we found that the lattice hydride channel 

(Figure 2 right) is more facile, whereby the µ3-H1 hydride in the Cu32H20L12 cluster is 

transferred to the C atom to form adsorbed HCOO* (Cu32H19L12-HCOO) with free 

energy of 0.32 eV. In comparison, the proton-reduction mechanism leading to formation 

of Cu32H20L12-HCOO is highly unfavorable with a high overpotential of about 1.08 eV 

(Figure 2 left). In the lattice hydride channel of the HCOO* adsorption configuration 

(Figure S2a), the two O atoms of HCOO* are strongly bonded to the two Cu atoms on the 

Cu3 triangle facet of µ3-H1. Analysis of the electronic structure and the binding from the 

local density of states (LDOS) for this adsorption configuration shows that the 2p-orbitals 

of the O atom are highly hybridized with the 3d-orbitals of the bonded Cu atoms (Figure 

S7a).  

Table 2. The two different channels for HCOOH and CO formation from CO2 reduction. * represents 

an active site on the catalyst. 

Step Lattice hydride channel Proton-reduction channel 

HCOOH formation  

via 1
st
 H addition to C 

CO2 + H*↔ HCOO* CO2 + * + H+ + e- ↔ HCOO* 

HCOO* + H* ↔ HCOOH HCOO* + H+ + e- ↔ HCOOH 

CO formation  

via 1
st
 H addition to O  

CO2 + H* ↔ COOH* CO2 + * + H+ + e- ↔ COOH* 

COOH* + H* ↔ CO* + H2O COOH* + H+ + e- ↔ CO* + H2O 

 

After forming the Cu32H19L12-HCOO species, the second step is the addition of 

another hydride (µ4-H1) to HCOO* to yield the final product, HCOOH (∆G=0.07 eV; 

Figure 2 right). The loss of two lattice hydrides leads to two hydrogen vacancies in the 

resulting Cu32H18L12 cluster, which could readily proceed via two sequential proton-

reduction steps to regenerate the two reacted lattice hydrides. We found that the first 

hydrogen goes to the µ3-H1 vacancy with ∆G=0.05 eV and the second goes to the µ4-H1 

vacancy with ∆G=-0.06 eV (Figure 2 right). One can see that in the more favorable 

lattice-hydride channel, the potential-limiting step for the HCOOH formation is the first 
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hydride transfer to form the HCOO* intermediate. We also considered alternative lattice-

hydride mechanisms (six pathways in total; see Figure 3): for example, the first hydride 

addition to CO2 is followed by a proton-reduction step instead (pathway II, III and IV in 

Figure 3), or the first proton-reduction step is followed by a lattice-hydride reduction step 

(pathway VI in Figure 3). But we found that they are less favorable than the double-

hydride reduction-regeneration path (pathway I in Figure 3). 

 

Figure 2. Reaction scheme for CO2 electroreduction on Cu32H20L12 to form HCOOH via the proton-

reduction channel (to left) and the lattice-hydride channel (to right). L12 is omitted when labelling the 

intermediates. 

 

Figure 3. Reaction scheme for CO2 electroreduction on Cu32H20L12 to form HCOOH via six different 

pathways. The calculated free energy difference (∆G) for each elementary step is shown under each 
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intermediate state. The most favorable reaction pathway is highlighted in blue, which is the same as 

the one in Figure 2 right. (L=S2PH2, not shown when labeling the cluster state in the scheme).    

3.3. CO2 reduction to CO on the Cu32H20L12 nanocluster. CO2 reduction to CO is 

another 2e-reduction process that competes with HCOOH formation and is initiated by 1st 

H addition to O (Table 2). We also explored the binding of COOH* and CO* 

intermediates at different hydrides and Cu sites (Tables S3-S4 and Figures S4-S6). Again, 

we found that µ3-H1 and its associated Cu site are the most active for COOH* and CO* 

binding, while the energy of COOH* varies up to 0.70 eV for the hydride channel and 

0.49 eV for the proton-reduction channel and the energy of CO* on the Cu site varies up 

to 0.30 eV. So we focus on the µ3-H1 and its associated Cu site for mechanistic insight 

into CO formation. Figure 4 shows the reaction pathways for CO2 reduction to CO on the 

Cu32H20L12 cluster via the lattice-hydride (right) and proton-reduction (left) channels. 

Formation of Cu32H19L12-COOH via the lattice-hydride mechanism is much more 

preferred (∆G=0.81 eV) than formation of Cu32H20L12-COOH via the proton-reduction 

channel (∆G=1.53 eV). In the optimized structure of Cu32H19L12-COOH (Figure S5a), the 

C atom of COOH* is bonded to two Cu atoms on the Cu3 facet of µ3-H1 forming 

tetrahedral coordination. The LDOS analysis showed strong hybridization between the 

2p-orbital of the C atom and the 3d-orbitals of the bonded Cu atoms (Figure S7b). 

Cu32H19L12-COOH is the precursor for CO-OH bond cleavage, leading to CO and OH* 

(∆G= -0.43 eV). This is followed by formation of H2O from the OH* intermediate via the 

lattice-hydride mechanism (∆G=-0.16 eV). The two reacted hydrides can then be 

regenerated by electrochemical proton-reduction processes. Here we note that the two 

transferring hydrides for the CO formation are the same as those for the HCOOH 

formation: first, the µ3-H1 adds to O of CO2 to form COOH*; then, the OH* intermediate 

from CO-OH cleavage reacts with µ4-H1 to form H2O. Again, we also checked other 

possible reaction pathways (all the possible six pathways are shown in Figure 5), and the 

lattice hydride channel (pathway I in Figure 5) is the most favorable pathway for CO 

formation. 
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Figure 4. Reaction scheme for CO2 electroreduction on Cu32H20L12 to form CO via the proton-

reduction channel (to left) and the lattice-hydride channel (to right). L12 is omitted when labelling the 

intermediates. 

 

Figure 5. Reaction scheme for CO2 electroreduction on Cu32H20L12 to form CO via six different 

pathways. The calculated free energy difference (∆G) for each elementary step is shown under each 

intermediate state. The most favorable reaction pathway (I) is highlighted in blue, which is the same 

as the one in Figure 4 right. (L=S2PH2, not shown when labeling the cluster state in the scheme). 

 

Page 11 of 23

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



12 

 

Previous studies showed that the p-block dopants such as P and S atoms embedded on 

metal surfaces play a significant role in modulating the COOH* and CO* binding free 

energies because these intermediates can directly bind on the p-block dopant.65,66 We 

found that the binding free energies of COOH* and CO* on the S and P sites of the -

S2PH2 ligands are higher than on Cu (Table S4), indicating that the S and P atoms from 

the ligands do not play a direct role in binding the key intermediates from CO2 reduction 

on the Cu32H20L12 cluster 

3.4. Comparison of HCOOH vs CO formation from the lattice hydride mechanism 

on the Cu32H20L12 nanocluster. From Figures 2 and 4 one can see that both HCOOH 

and CO formations from CO2 prefer the lattice-hydride mechanism on Cu32H20L12. From 

the free-energy diagrams, the potential-determining step for both the HCOOH and CO 

formation derives from the first hydride transfer, with the onset potential of -0.32 V and -

0.81 V vs. SHE, respectively; in other words, the overpotential is 0.32 V for HCOOH 

formation and 0.81 V for CO formation. Previous theoretical studies of CO2 reduction on Cu 

(211) showed that the overpotential for HCOOH and CO formation is about 0.41 eV,26 

while CO formation on Cu(100) and Cu(111) needs higher overpotential (0.6 ~ 0.9 V).28 

Recent experimental reports showed that nanostructured copper electrodes can reduce the 

overpotential to below 0.4 V for both HCOOH and CO, compared to the polycrystalline 

copper electrode.67,68 So our predicted overpotential for HCOOH is lower while that for 

CO is higher on Cu32H20L12 than the reported ones on Cu surfaces or nanostructures. 

To further shed light on the selectivity of HCOOH over CO on Cu32H20L12 via the 

lattice-hydride mechanism, we located the transition states for the key steps leading to 

HCOOH and CO formations (Figure 6). One can see that the HCOOH pathway is more 

favorable than the CO pathway on the Cu32H20L12 cluster. The key reason is that CO 

formation is energetically limited by formation of the COOH* intermediate (activation 

energy: 2.12 eV) which is much less favored than the HCOO* intermediate (activation 

energy: 0.89 eV). The preference of the HCOO* intermediate is due to the negatively 

charged lattice hydrides favoring addition to the positively charged C in CO2, while O 

atoms on HCOO* are stabilized by the positively charged surface Cu atoms. This 

indicates that HCOOH should be the main product of CO2 reduction on the Cu32H20L12 

cluster. 
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Figure 6. Free-energy diagrams for HCOOH and CO formations on the Cu32H20L12 cluster via the 

lattice-hydride mechanism. TS = transition state. L12 is omitted when labelling the intermediates. The 

energy barriers are shown in parentheses.  

 

HCOOH formation and the subsequent hydride regeneration on the Cu32H20L12 

cluster are summarized in Figure 7. For comparison, CO formation cycle is provided in 

Figure S8. One can clearly see that, starting from Cu32H20L12 and CO2, the µ3-H1 hydride 

will first add to C to yield Cu32H19L12-HCOO (Figure 7a). Notably, the two O atoms of 

the HCOO* intermediate are strongly bonded to the surface Cu forming a five-membered 

ring (Figure 7 top). The HCOO* subsequently reacts with µ4-H1 to release the HCOOH 

product (Figure 7b). The resulting Cu32H18L12 cluster with two hydride vacancies will 

then proceed through the proton-reduction processes to refill the two lattice-hydride sites 

(Figure 7c,d). We found that during HCOOH formation, the local structure of the Cu 

atoms around the two reacting hydrides did not change much, even after the loss of the 

interstitial µ4-H1. This indicates that the structural stability of the Cu cluster framework 

can accommodate the loss of the interstitial hydrides, thereby facilitating the lattice-

hydride mechanism to produce HCOOH. For comparison, CO formation is provided in 

Figure S8, which follows a similar cycle of the lattice-hydride mechanism. 

Page 13 of 23

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



14 

 

 

Figure 7. The overall mechanism of HCOOH formation from CO2 reduction on Cu32H20L12 via the 

lattice-hydride channel; the structures of the key intermediates and transition states are shown. Color 

code: orange, Cu; green, hydride; red, oxygen; grey, carbon; L=S2PH2, not shown. 

 

3.5. Hydrogen evolution reaction (HER) on the Cu32H20L12 nanocluster. HER is the 

major competing reaction for CO2 electroreduction at low overpotentials, so it is 

necessary to compare HER vs CO2 reduction on the Cu32H20L12 nanocluster to fully 

evaluate its viability as an electrocatalyst for CO2 reduction. The many hydride atoms in 

the Cu32H20L12 nanocluster favour the Heyrovsky mechanism whereby a proton from the 

aqueous solution reacts with a hydride atom to generate H2 (Cu32H20 + H+ + e- → Cu32H19 

+ H2). The lost hydride will be replenished by adsorbing another proton through the 

Volmer reaction (Cu32H19 + H+ + e- → Cu32H20). Figure 8a shows the calculated free 

energy for hydrogen evolution through the Heyrovsky-Volmer mechanism at different 

hydride sites. We can see that at lower overpotential (< 0.3 eV), the µ4-H1, µ4-H2 and µ5-

H will desorb from the interstitial binding sites to generate H2, while the removal of the 

surface capping hydrides (µ3-H1, µ3-H2, µ3-H3 and µ3-H4) to form H2 will require a 
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higher overpotential (0.6 ~ 1 eV). Figure 8b shows the kinetics for the Heyrovsky 

reaction at the interstitial µ4-H1, µ4-H2 and µ5-H sites, and the activation barrier is 2.06 

eV, 2.39 eV, and 1.58 eV, respectively. These barriers are too high to be competitive with 

the HCOOH formation (0.89 eV). In other words, at the low overpotential, HCOOH 

formation is kinetically preferred than HER. However, at high overpotentials, all these 

hydride channels will be open for HER.   

 

Figure 8. (a) Free energy diagram for hydrogen evolution via the Heyrovsky-Volmer mechanism 

(Cu32H20 + H+ + e- → Cu32H19 + H2; Cu32H19 + H+ + e- → Cu32H20) at different hydrides on Cu32H20. 

(b) Minimum free-energy path for the Heyrovsky reaction at the µ4-H1, µ4-H2 and µ5-H sites. TS = 

transition state; free energy barrier heights are shown in parentheses. 

 

3.6. Electrocatalysis experiments of CO2 reduction on the Cu32H20L12 nanocluster. 

To verify our theoretical prediction that CO2 is selectively reduced to HCOOH at low 

overpotentials instead of to CO or losing to HER, we synthesized the Cu32H20L12 

nanocluster and performed controlled potential electrolysis (CPE) in 0.1 M KHCO3 and 

0.4 M KCl (pH 6.8) to examine its electrocatalytic activity. The as-synthesized clusters 

were characterized and verified to be Cu32H20L12 by various techniques, including 

elemental analysis, ESI-MS, and ambient temperature 1H and 31P{1H} NMR 

spectroscopy (Figure S9). For the electrochemical test, the Cu32H20L12 clusters were first 

immobilized on carbon black (C) particles with Nafion that serves as a proton conductor 

as well as a binder.69 The resulting particles were then dropcast on a GDL to form a 

composite Cu32/C/GDL electrode.  
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Figure 9. (a) Average current densities (black circles) and cumulative faradaic efficiencies for H2, 

HCOOH, and CO (stacked bars) obtained at different overpotentials. (b) Product selectivity for H2, 

HCOOH, and CO produced at different overpotentials. Controlled potential electrolysis (CPE) was 

conducted for 90 min in 0.1 M KHCO3 and 0.4 M KCl (pH 6.8) on a Cu32/C/GDL electrode (1 cm2). 

 

Figure 9 shows the results of CO2 electroreduction on the Cu32H20L12 nanocluster.  

As can be seen from Figure 9a, the average current density during 90 min CPE becomes 

significant at the overpotential of 0.3 V and increases with overpotential. Figure 9a also 

shows the cumulative Faradaic efficiency of the product formation after 90 min CPE at 

different overpotentials: H2, HCOOH, and CO were detected as the main products 

accounting for the cumulative Faradaic efficiency of >90%. The selectivity of these three 

products is compared as a function of overpotential in Figure 9b. One can see that the 

Cu32H20L12 nanocluster predominantly produces HCOOH (as HCOO- at pH 6.8) at low 

overpotentials (89% at 0.3 V and 83% at 0.4 V), with minor amounts of CO and H2. By 

contrast, the product selectivity dramatically changes when the overpotential is higher 

than 0.5 V where H2 is predominantly produced (85% at 0.5 V and 94% at 0.6 V). These 

experimental results are in excellent agreement with our DFT prediction that HCOOH 

formation is favored at low overpotential, while HER dominates at higher overpotential. 

The Cu32H20L12 nanocluster is quite stable during electrocatalysis at pH 6.8: the Faradaic 

efficiency of HCOOH (and H2 and CO) formation monitored at different CPE time (at the 

overpotential of 0.3 V) was found to be unchanged during the first 90 min and slightly 
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decreased at 180 min (Figure S10). We further analyzed the turnover number of the 

Cu32H20L12 cluster for HCOOH production and found it to be 1740 moles of HCOOH per 

mole of Cu32H20L12 after 90 min CPE, supporting the replenishment of the lattice 

hydrides during the CO2 reduction. For comparison, Cu(0) nanoparticles produced mainly 

CO at low overpotentials,67 while Cu foil produced mainly H2 at low overpotentials.8   

3.7. Implications of the lattice hydride mechanism. So far we have shown that the key 

steps and product selectivity of electroreduction of CO2 on a typical atomically precise 

copper-hydride cluster. The vast majority of previous work of electroreduction of CO2 on 

Cu has focused on flat surfaces and large Cu nanoparticles. It has been found that on the 

pure Cu surface, HCOOH and CO formations are competitive in the initial 

electrochemical step of CO2 reduction but CO is the major product.13 Very recent 

theoretical studies of CO2 reduction on Cu(100)70  found that HCOO- formation needs to 

overcome a higher free energy barrier (0.80 eV) than CO formation (0.43 eV). By 

contrast, on the Cu32H20L12 cluster examined here, the presence of the negatively charged 

hydride facilitates the formation of HCOO* intermediate, favoring formation of HCOOH 

instead of CO. So the structurally precise Cu-hydride clusters offer distinctly different 

pathways and product selectivity. Moreover, to the best of our knowledge, our work is 

the first time that the lattice-hydride mechanism has been proposed for electrochemical 

CO2 reduction on a heterogeneous or nanocluster catalyst.  

We have now demonstrated electroreduction of CO2 in aqueous 0.1 M KHCO3 on 

the copper-hydride clusters. This electrolyte has also been used in electroreduction of 

CO2 to CO on the Au25 nanocluster previously.71 In the future, we think that it will be 

also worthwhile to use non-aqueous electrolytes such as organic solvents or ionic liquids 

for CO2 reduction on the copper-hydride clusters.  As demonstrated experimentally, these 

non-aqueous electrolytes can supply protons in two ways: (1) by mixing a low 

concentration (~100 ppm) of water in the organic or ionic liquid electrolyte;72 (2) by 

using a protic solvent such as methanol.73 In addition, the lattice-hydride mechanism of 

CO2 reduction can be a general pathway beyond the Cu clusters, given the recent success 

in synthesizing other hydride-containing transition-metal clusters.74,75  
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4. CONCLUSIONS 

In summary, we have demonstrated that structurally precise copper-hydride 

nanoclusters offer unique product selectivity for electroreduction of CO2 at low 

overpotentials. Based on a prototypical such cluster, Cu32H20L12, we predicted from 

density functional theory that both the hydride ligands and the surface Cu play a critical 

role in promoting the reduction process, leading to HCOOH instead of CO at low 

overpotentials; more important, CO2 reduction was also predicted to be kinetically 

preferred than hydrogen evolution. We found that HCOOH formation proceeds through 

two steps of lattice-hydride reduction: CO2 reacts directly with the capping hydride to 

form HCOO* which then reacts with another interstitial hydride to form HCOOH. The 

reacted hydrides can be regenerated facilely by proton reduction. The predictions were 

confirmed by our electrochemical testing of CO2 reduction on the synthesized Cu32H20L12 

cluster: HCOO- was found to be the main product (> 80% selectivity), with minor 

amounts of CO and H2, at low overpotentials with a Faradaic efficiency over 90% with a 

turnover number of 1740 for the first 90 min. Our work hence paves the way for the use 

of the structurally precise copper-hydride nanoclusters to explore the electrocatalytic CO2 

reduction. The lattice-hydride mechanism can be a general path on hydride-containing 

transition-metal nanoclusters and hence may offer unique product selectivity than 

traditional electrocatalysts for CO2 reduction. 
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