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Abstract 

Understanding metal surface reconstruction is of the uttermost importance in heterogeneous 

catalysis as this phenomenon directly affects the nature of available active sites. However, 

surface reconstruction is notoriously difficult to study because of the dynamic nature of the 

phenomena behind it, particularly when solid/liquid interfaces are involved. Here, we report 

on the intermediates which drive the rearrangement of copper catalysts for the electrochemical 

CO2 reduction reaction (CO2RR). Online mass spectrometry and UV-Vis absorption 

spectroscopy data are consistent with a dissolution – redeposition process, previously 

demonstrated by in-situ electron microscopy. The data indicate that the soluble transient 

species contain copper in +1 oxidation state. Density functional theory identifies copper-

adsorbate complexes which can exist in solution under operating conditions. Copper carbonyls 
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and oxalates are suggested as the major reaction-specific species driving copper reconstruction 

during CO2RR. This work motivates future methodological studies to enable the direct 

detection of these compounds and strategies which specifically target them to improve the 

catalyst operational stability. 

 

Introduction 

A growing interest in sustainable production of chemicals and fuels accompanies the current 

shift to renewable energy. The electrochemical CO2 reduction reaction (CO2RR) is a promising 

approach to convert waste CO2 into value added products, such as ethylene or ethanol.1 Copper 

is typically used to catalyze the reaction and a great progress has been made in understanding 

the parameters which govern its activity and selectivity.1,2 Numerous studies show that the 

arrangement of Cu surface atoms has profound effect on performance.3–5 Yet, evidence piles 

up for the dynamic nature of Cu surfaces under CO2RR conditions, despite metallic Cu being 

supposedly stable at the cathodic potentials of CO2RR.6–23 Fundamental understanding of these 

dynamic processes is essential for the technological implementation of CO2RR, which must 

target high selectivity and long-term stability both at the catalyst and at the device level.   

Various experimental proofs suggest that Cu catalysts reconstruct both during start/stop 

operation and under the continuously applied cathodic potential during CO2RR.6,10–16,18–22 A 

few studies indicate that Cu electrocatalysts are structurally stable over extended time once fast 

initial morphological/structural changes are completed.18–21 Other examples show that these 

changes continue over the course of CO2RR.6,10–16,22 The reconstruction kinetics of Cu 

electrodes, which differ in surface structure and morphology, might vary. Yet, the mechanism 

driving their reconstruction is likely to be similar. This mechanism remains mostly unknown.  

Copper dissolves transiently during the formation of surface oxides and during the oxide 

reduction to metallic copper.15,18–20,23 Thus, these redox processes play a role in the Cu catalyst 

reconstruction.15,20,23 These events occur at potentials close to the open circuit potential (OCP) 

of a typical CO2RR experiment, which is around +0.4 VRHE (RHE = Reversible Hydrogen 

Electrode).15,18 The catalyst typically encounters OCP during the cell assembly and electrolyte 

introduction and during a start/stop operation. During the cell startup, where the working 

electrode experiences cathodic potentials, the redeposition of the Cu species dissolved in 
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solution occurs and induces changes in the catalyst morphology and total exposed 

surface.15,20,23 

Under typical potentials for CO2RR, which are more negative than –0.8 VRHE, the Pourbaix 

diagram indicates that Cu exists in its metallic state across the entire pH window.24 Surface 

science studies have shown that the CO adsorption on Cu can induce metal-metal bond 

breaking and cluster formation, thus enabling surface reconstruction.25,26,27 The Cu-CO 

interactions have been used also in the context of CO2RR to explain Cu surface reconstruction 

captured with different in-situ methods.19, 28 A recent study, based on in-situ electron 

microscopy, has indicated that a dissolution – redeposition mechanism is responsible for the 

structural evolution of Cu nanocatalysts.15 In the case of Cu nanocatalysts, the presence of 

dissolved Cu species mediates the proposed reconstruction process. However, the chemical 

nature of these species remains unknown. 

Herein, we study the soluble intermediates which drive the reconstruction of copper via 

complexation with an organic ligand which prolongs the lifetime of the intermediates, allowing 

their detection. We demonstrate that these transient species contain copper in the +1 oxidation 

state. Density Functional Theory (DFT) suggests the chemical nature of these species, which 

are copper carbonyl and copper oxalate complexes as most likely candidates. These molecules 

are initially adsorbed on the Cu surface as intermediates of the CO2RR and then enable transient 

dissolution of Cu by forming coordination complexes with Cu+ ions.  

 

 

Results 

Catalyst characterization 

To investigate the transient species mediating the reconstruction of Cu catalysts during CO2RR, 

we chose ~ 7 nm Cu spheres as a model system (Fig. 1A). These small nanoparticles (NPs) 

expose a large surface area to the electrolyte and possess a relatively high number of 

undercoordinated atoms on their high-curvature surface. These features account for rapid and 

irreversible structural transformations in the initial phases of CO2RR.7,9,12,29,30 Such short 

timescales ease the study of the phenomena related to their reconstruction. Furthermore, the 

low size polydispersity of these Cu NPs is beneficial to form 2D self-assembled monolayers 

on the surface of the glassy carbon supporting electrode (Fig. 1B), which was utilized to 
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repeatedly create consistent films with an optimized dip-coating protocol (see Experimental 

Section for details). Indeed, the measured electrochemically active surface area (ECSA) of the 

electrodes was reproducible to within 10% (Supplementary Fig. S1.1). The as-synthesized NPs 

consist of mostly metallic Cu, as evidenced by electron diffraction (Fig. 1C). Here, the 

observed reflections match with Cu fcc structure. A minor contribution of Cu2O to the 

diffraction signal is observed, most visible as a shoulder at 4 nm–1 corresponding to Cu2O 

{111} reflection. 

 

Fig. 1: Characterization of the as-synthesized Cu catalyst. (a) TEM image of the as- 

synthesized Cu spheres with mean size of around 7 nm; (b) Scanning electron microscopy 

(SEM) of the Cu spheres deposited on a glassy carbon electrode via dip-coating. The inset 

shows the (sub)monolayer catalyst packing. (c) Electron diffraction of the as-synthesized 

catalyst evidencing the metallic nature of the sample. Reflections are assigned to the Cu fcc 

structure. 

 

The Cu NPs undergo severe reconstruction during the first minutes of CO2RR; recent studies 

provided details on the product evolution, the changes of oxidation state, and the structural 

modifications.7,9,12,15,29,30 In particular, in-situ electron diffraction and operando X-Ray 

absorption spectroscopy demonstrated that these same Cu NPs are oxidized at OCP and are in 

their fully reduced state at the cathodic potentials of CO2RR.15 Characteristic Cu2O cubes were 

detected by post-mortem analysis (Supplementary Fig. S1.2). This observation is consistent 
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with literature reports, where the active catalytic phase was shown to be polycrystalline Cu 

aggregates, while Cu2O cubes form only ex-situ upon exposure of the sample to air.9,29,30 In-

situ liquid-phase TEM has suggested that this reconstruction occurs via a dissolution – 

redeposition mechanism mediated by dissolved Cu species.15  

 

Dissolved Cu detected with on-line ICP-MS 

A scanning electrochemical flow cell coupled to an inductively coupled plasma mass 

spectrometer (on-line ICP-MS) was used to detect the amount of the dissolved species. This 

system is extremely sensitive and capable of detecting pg cm–2 amounts of dissolved Cu 

ions.31,32 The dissolution rate of copper is reported as a function of time with the applied current 

and measured potential (Fig. 2). The cell was operated in chronopotentiometric mode (CP). A 

low negative baseline current (–0.28 mA cm-2) was applied to the working electrode during the 

immersion in the electrolyte. This protocol minimizes the catalyst exposure to OCP and focuses 

the investigation on the operation under cathodic bias (Supplementary Note S.2.1 and Fig. 

S2.1). Pulses at progressively more negative currents (from –0.55 mA cm–2 to –2.95 mA cm–

2) were applied for a gradually more extended time (between 20 – 55 s) to simulate the CO2RR 

conditions (Fig. 2a). Concomitantly, a progressively more negative potential was measured 

(Fig.2b). The reported CP profile is a result of parameter optimization (details in the 

Supplementary Note S2.1).  No dependence of the Cu dissolution with the pulse length was 

observed; however, the longer holds during the more cathodic pulses permitted a more accurate 

signal integration by enabling the return of both current and potential to the baseline after each 

pulse. 

In the immersion step, a reductive current is applied, which initiates the reduction of copper 

oxide film on the surface of the electrodes to metallic Cu and induces the transient cathodic 

dissolution of Cu. Thus, a contact dissolution feature is observed (Fig. 2c, blue curve).33 No 

dissolution is detected after that until the last pulse, where the potential reaches –1.1 VRHE (Fig. 

2b, blue curve). Following this pulse, a small dissolution signal, close to the detection limit, 

emerges at 1200s (Fig. 2c, blue curve). Overall, ICP-MS does not detect much Cu in solution. 

This observation suggests that the redeposition of the soluble Cu species responsible for Cu 

catalyst reconstruction occurs at a rate that is faster, or at least comparable, to the generation 

rate, under the investigated regimes. Therefore, the intermediate species must be confined to 

the vicinity of the working electrode. 
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Fig. 2: On-line ICP-MS measuring the dissolution rate of Cu NPs under cathodic bias. (a) 

Optimized protocol for the applied current: contact with the electrolyte was established while 

applying –0.28 mA cm–2; after a 600s hold at this current density, four current pulses separated 

by 120s with gradually increasing cathodic current densities were applied: pulse I (–0.55 mA 

cm–2 for 20 s), pulse II (–1.10 mA cm–2 for 35s), pulse III (–2.20 mA cm–2 for 45s) and pulse 

IV (–2.95 mA cm–2 for 55 s). (b) Measured cell potential. Data acquired without and with the 

dmphen are reported in blue and red, respectively. It is noted that the measured potentials in 

the presence of dmphen are more negative, perhaps for increased solution resistance. (c) Cu 

mass dissolution rate. 0.05 M KHCO3 saturated with CO2 was used as the electrolyte. Dmphen 

was added to the electrolyte (0.1 mM) to prolong the lifetime of the Cu intermediate species. 

It is noted that all the measured signals do not change suddenly as the potential is applied or 

removed, at the start and the end of each pulse; instead, they present a tail that is intrinsic to 

measurements in the flow system. Dissolution curves were denoised using an FFT filter. For 

the sake of clarity, the original data are presented behind the smoothed curves (pale blue and 

red curves). 
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Phenanthrolines are known to strongly coordinate Cu ions.34–38 Thus, we thought about adding 

these molecules in the electrolyte to prolong the lifetime of the reconstruction intermediates 

and enable their reliable detection. Particularly, 2,9-dimethyl-phenanthroline (dmphen) meets 

the two basic requirements for this study, which are the solubility in water and stability under 

CO2RR conditions (details in the Supplementary Note S3.1).  

The presence of the dmphen in the electrolyte greatly amplifies the Cu dissolution signal during 

the pulsed operation, rendering it clearly distinguishable above the baseline (Fig 2c, red curve). 

Meanwhile, the contact dissolution feature is reduced because a more negative potential needed 

in the presence of the dmphen. During the current pulses, the dissolution profile changes 

appreciably. The signal decreases for the duration of the negative current pulse and starts to 

increase when the current returns to its baseline. This behavior is consistent with the 

redeposition – dissolution observed via in-situ microscopy.15 It is only at the end of the pulse, 

when the redeposition rate decreases, that the Cu-dmphen complex is liberated from the 

dissolution-redeposition cycle and can be transported by the flowing electrolyte and detected 

by ICP-MS. The intensity of the signal reaches its maximum value around 200 s after the most 

negative pulse at –1.2VRHE.  

 

Detection of intermediates by optical spectroscopy 

While on-line ICP-MS is a powerful method to study bulk metal dissolution, the 

electrochemical flow cell for ICP-MS operates in conditions which are different than those of 

the H-cell used to evaluate catalyst performance during CO2RR. The experimental setup allows 

only for short cathodic pulses to prevent gas bubble nucleation, as gas bubbles impede reliable 

measurements. Furthermore, the chemical nature of the dissolved species cannot be determined 

by ICP-MS. 

The detection of metal ions with specific chelating agents via optical spectroscopy is a routine 

technique in biology, where spectroscopy enables for example intracellular detection of low 

concentrations of free Cu ion pools.39–41 The coordination of Cu ions by dmphen ligands 

generates a distinct optical response, which provides information of the oxidation state of the 

dissolved Cu species and offers a detection principle alternative to ICP-MS.35,42 With this in 

mind, a variant of the classical H-cell typically used in CO2RR catalyst research was designed 

with reduced electrolyte volume (Fig 3a).43 This cell allows quantitative measurements of Cu 
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ion concentrations upon coordination with dmphen (Supplementary Note S3.1 and Fig S3.1).  

The static mode of operation enables the accumulation and the optical detection of the 

phenanthroline-bound Cu intermediate in the catholyte, thus overcoming some of the 

limitations previously described.  

Both Cu+ and Cu2+ ions are readily coordinated by dmphen, producing [Cu(dmphen)2]+ or 

[Cu(dmphen)2]2+.34,35 The formation of these complexes can be observed and quantified as only 

[Cu(dmphen)2]+ exhibits a unique absorption at 450 nm (Fig 3b). 34,35 The signal from 

[Cu(dmphen)2]+ is clearly detected at OCP (Fig 3c). The copper ion concentration calculated 

from the [Cu(dmphen)2]+ absorption intensity and that calculated from ex-situ ICP-MS data 

acquired under static conditions indicate that most of the copper dissolving at OCP is in the 

form of Cu+ species (Fig. 3d). Similar results were obtained for Cu foil (Supplementary Fig. 

S3.2). This finding indicates that the Cu dissolution at OCP occurs via Cu+ species.  

      

 

Fig. 3: Detection of Cu species via UV-Vis spectroscopy. (a) Sketch of the cell. The glassy 

carbon working electrode (WE) covered with the copper spheres is immersed in 1mL of 0.1M 

KHCO3 + 0.1mM dmphen electrolyte. The potential is measured with an Ag/AgCl reference 
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electrode (RE). The anolyte with a Pt counter electrode (CE) is separated by an anion exchange 

membrane (AEM). (b) Schematic representation of the working principle of the optical 

measurement with dmphen as a chelating ligand. (c) UV-Vis absorption spectra of the dmphen, 

Cu(I) and Cu(II) complexes. (d) Representative UV-Vis spectra of the electrolyte before and 

after 10 min at OCP. (e) Cu concentration quantified from the same UV-Vis data 

(Supplementary Fig. S3.1) and ex-situ ICP-MS.  

 

However, the [Cu(dmphen)2]+ UV-Vis signal was below the detection limit upon application 

of the cathodic potential during CO2RR (Supplementary Fig. S3.3), which suggests that the 

kinetics of redeposition of the Cu transient species are faster than the minute scale accessible 

via the optical detection method. At the same time, the online ICP-MS data indicate that 

dmphen enables the detection of dissolved copper at OCP and under CO2RR operating 

conditions in a similar manner. Thus, we speculate that Cu+ intermediate species are equally 

responsible for the Cu dissolution under CO2RR. 

Control experiments and calculations allow us to confidently exclude any major interference 

of the dmphen ligands with the formation of the primary dissolved Cu intermediates and with 

the catalysis (Supplementary Notes S3.2, S3.3, S3.4 and S4.1, Supplementary Fig S3.4-3.7 and 

S4.7) 

 

Computational model 

In previous studies, the occurrence of the catalytic reaction itself, the electrolyte, and the effect 

of applied potential have been all recognized to play a role in the Cu reconstruction.6–14 Strong 

binding of oxalates and carbonates has been suggested to poison the surface and influence Cu 

dissolution.44,45 Hydride-mediated cathodic corrosion was proposed for noble metals.46,47 

Anomalous dissolution of Cu in acidic media under cathodic polarization was previously 

connected to the oxygen reduction reaction (ORR).48–50 In addition to reaction intermediates, 

the cathodic bias itself was found to induce surface changes of Cu in the presence of H and CO 

adsorbates.17  

The results discussed above expand the existing knowledge and indicate that Cu+ intermediate 

species are generated during Cu reconstruction. However, to the best of our knowledge, 

spectroscopic tools which can probe the nature of these short-lived species in close proximity 
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of the electrode surface during operation do not exist yet. Thus, simulations were used to assess 

the thermodynamics of the adsorption, dissolution, and redeposition processes for CO2RR 

intermediates on few representative Cu facets under the cathodic potential.  

The hypothesized mechanism for the Cu dissolution – redeposition at cathodic potentials 

involves first the adsorption of CO2, then the formation of adsorbed reaction intermediates, 

followed by the dissolution of metal-adsorbate complexes and eventual redeposition on the 

catalyst surface (Fig. 5a). The DFT study was performed through the PBE functional51 and 

included implicit solvation effects through the VASPsol framework52,53, and explicit electric 

field effects, as reported in the Methods Section. To model the experimental system, Cu(111) 

(6×6), Cu(100) (6×6), and Cu(711) (1×6) were considered to assess the case of close-packed 

domains, open facets, and low coordination sites (NCu-Cu = 7 for (711)), respectively (Fig. 5b). 

A low surface coverage, from 0.01 to 0.03 monolayers, was kept constant in the whole study 

because of the large supercells utilized to accommodate the relatively large dmphen molecule. 

Stronger bonds between adsorbates and Cu sites weaken the bonds between Cu-Cu surface 

atoms, thus favoring their mobility. 25,26 In the simulation, the actual dissolution is then 

determined from the energetics of formation of the metal-adsorbate complex in the electrolyte, 

wherein solvation energy plays also an important role. 

First, DFT energies of adsorption (ΔEads) for HER, ORR, and CO2RR intermediates were 

obtained at U = –1.2 VRHE (Supplementary Fig. S4.1). The adsorption energies correspond to 

the energies associated with the formation of the adsorbates (𝑥CO! + 𝑦O! + 𝑧H" + 𝑧e# →∗

adsorbate	 + 𝑘H!O;	∆𝐸$%&). Among HER and ORR intermediates, *H, *OH, and *OOH (* = 

adsorbed) were considered, since *H2O2 was found to dissociate on all the three Cu facets. The 

screening of the CO2RR intermediates focused on *CO, *OCHO and *C2O4 as representative 

examples because spectroscopic studies have corroborated the existence of these species on Cu 

surface during CO2RR.45,54,55 Finally, electrolyte species (i.e. *HCO3–, *CO32–) were also 

considered. The estimated adsorption energies followed well-known linear scaling 

relationships.56–58 This DFT screening indicated that *H, *OH *OOH, *CO, *OCHO, *C2O4 

and *HCO3 (* = adsorbed) exhibit a negative ΔEads; thus, they are expected to populate the 

surface at the cathodic potential where CO2RR occurs and may trigger Cu dissolution.  
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Fig. 5. Adsorbates-driven dissolution of Cu under cathodic bias. (a) Proposed mechanism 

for the representative case of a copper-carbonyl complex on model step surface Cu(711): first 

CO2 reduces to adsorbed CO*, then the [CuCO]+ complex, solvated by H2O, dissolves close to 

the electrode (b) DFT models: Cu(100) 6×6, Cu(111) 6×6, and Cu(711) 1×6. Copper atom(s) 

that are to dissolve in solution are colored in light brown. (c) DFT energy required to form 

[Cu+L]aq complexes in solution for low surface coverages (θ = 0.03-0.04 ML) under an applied 

electric field of –0.56 V Å–1, equivalent to –1.2 VRHE (see Methods, Supplementary Fig. S4.8, 

Supplementary Eq. 2, Supplementary Tables S4.4-S4.6).). From left to right, L = H, OH–, 

OOH–, CO, CO32–, C2O42–. The subscripts indicate the number of H2O molecules stabilizing 

each Cu complex. Alternative, less favorable species and/or geometries are reported in 

Supplementary Fig. S4.2.  Data points and error bars represent averages between the three 

facets and half range. (d) Average Cu Bader charges for [Cu+L]aq complexes.  
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As the second step, the stability of the corresponding metal-adsorbate complexes in the 

electrolyte was evaluated as dissolution energy (ΔEdiss), which corresponds to the energy 

required for their formation (∗ adsorbate + 𝑛'!( → [Cu"adsorbate])"!#; 	∆𝐸*+,,). Since the 

medium is an aqueous electrolyte, it is reasonable to assume that they desorb as solvated 

complexes with Cu ion(s), indicated as [Cu+L]aq. To identify the adsorbates which trigger the 

formation of such [Cu+L]aq complexes, the DFT energy required for a single Cu surface site to 

dissolve as a [Cu+L]aq complex (ΔEdiss NCu–1) was estimated.  

Fig. 5c reports the ΔEdiss at U = –1.2 VRHE for some of the assessed intermediates, while 

Supplementary Fig. S4.2 illustrates an extended sampling. The solvated complexes were 

modeled with the specific number of explicit H2O molecules that reproduces a four-

coordination first solvation sphere (Supplementary Fig. 4.3), while contribution of further 

shells was modeled through an implicit medium.50,51 No electrolyte cations or anions were 

included in the supercell at this stage. Exchange of one water ligand by one additional adsorbate 

was considered for two case studies (Supplementary Figure S4.2). For both intermediates, 

dissolution was found to be less favorable for a double ligand, which suggests that the 

dissolution mechanism preferentially involves single adsorbates rather than pairs. The energy 

differences on Cu(111), Cu(100), and Cu(711) fall within the error of the simplified solvation 

model utilized in this study, thus the ΔEdiss data are discussed as averages rather than specific 

values for each surfaces. 

The ΔEdiss of [CuH] 3H2O, [CuOH]3H2O and [CuOOH]3H2O are positive, which suggest that they 

do not play a role in triggering the dissolution. Instead, [CuCO]+3H2O, [Cu2C2O4]5H2O and 

[Cu2CO3]4H2O are all thermodynamically favored, with the formation of copper-carbonyls and 

copper-oxalates being the most exothermic. Furthermore, since *CO3 adsorption is slightly 

endothermic (Supplementary Fig.4.1), this intermediate is unlikely to reach coverages high 

enough to enable dissolution. The same trend among the complexes persists at less negative 

potentials (Supplementary Fig. S4.4 and Supplementary Tables S4.1 and S4.2) and at higher 

surface coverages of the intermediates (Supplementary Fig. S4.5). The only exception is 

[CuOH]3H2O whose formation as a soluble species becomes more favorable at higher coverages. 

However, since their adsorption energy remains positive, their contribution to Cu dissolution 

is most likely negligible. Higher negative potentials increase the ΔEdiss of the [CuCO]+3H2O 

(Supplementary Fig. 4.6) Furthermore, *CO binds more strongly than *C2O4 and *CO3 at –1.2 

VRHE (Supplementary Fig. S4.1), which suggest a higher surface coverage of *CO species 
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under reaction conditions. Altogether, these results point at *CO to be the main intermediate 

species driving Cu dissolution. All the Cu-L species account for positive Bader charges on the 

copper atoms, attributable to Cu+ oxidation state (Fig. 5d, Supplementary Fig. S4.2, 

Supplementary Table S4.3), which agrees with the optical spectroscopy data. It was also 

observed that the conversion reaction from [CuCO]+ to [Cu(dmphen)2]+ is exothermic 

(Supplementary Fig. S4.7, Supplementary Eq. 1), confirming that the intermediate Cu 

complexes in solution can readily react with the dmphen facilitating their indirect detection. 

 

Discussion 

A final mechanistic picture of the copper dissolution under CO2RR conditions emerges from 

the experimental and theoretical observations discussed above (Fig. 6). The surface adsorption 

of molecules, including carbon monoxide, carbonate, and oxalate, enables the formation of Cu-

adsorbate complexes, which can dissolve in solution. Among these, the formation of [CuCO]+ 

complexes is the most favorable regardless of the Cu surface exposed. Thus, copper carbonyl 

complexes emerge as the main species driving the dissolution. Nevertheless, these species are 

short lived in the reaction environment. The [CuCO]+ complex is generally unstable and 

dissociates to Cu+ ion and CO(g).59,60 This mechanism could also explain the previously 

observed exchange of surface bound CO with dissolved CO, which cannot be described as an 

adsorption/desorption equilibrium and contribute the accumulation of CO in the close 

proximity of the Cu catalyst surface.61,62 Moreover, a high local CO concentration has been 

previously suggested to have detrimental effect on Cu catalyst stability.12,63 Here the 

mechanism through which this process takes place is finally elucidated. The redeposition 

process then occurs via the electrochemical reduction of the released Cu+ to metallic Cu. 
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Fig.6: Schematic illustration of the copper reconstruction mechanism under CO2RR 

conditions. Adsorbed CO* intermediates drive the transient dissolution followed by 

redeposition.  

 

Conclusions 

Cu+ species were proposed as the major intermediates for the reconstruction via dissolution – 

redeposition of copper nanocatalysts which drive CO2RR. The role of CO2RR intermediates in 

this process was further assessed through DFT, including explicit electric field and solvation 

effects. Copper carbonyls and oxalates were suggested as the reaction-specific soluble species 

driving the reconstruction of Cu electrodes during operation.  

Operando techniques with enough sensitivity and temporal resolution to experimentally 

confirm the identity of these transient soluble intermediates do not exist. This study motivates 

the development of these techniques and encourages research efforts on schemes which 

selectively target Cu+ complexes to circumvent operational dissolution – redeposition. For 

example, organic layers, porous carbon materials and oxide shells might serve this purpose.17,64-

67 Alternatively, the controlled electro-(re)deposition of these intermediates to sustain catalyst 

selectivity and activity over extended time periods should also be considered.68,69  
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Methods 

Catalyst preparation and characterization 

The Cu spheres of 7nm were synthesized according to published protocols.70,71 Two different 

methods were used to prepare the electrodes. Glassy carbon sheets were dip-coated in NP 

suspension, while the movement of the substrate was controlled via a stepper motor to provide 

uniform and reproducible nanoparticle films with mass loading of 12 μg on a 4 cm2 surface as 

determined by elemental analysis. The usual drop-casting method, used to determine the 

CO2RR performance was also used in this study. Data in the SI were collected on drop-casted 

samples. This technique consists in drop-casting 15 µg of copper spheres in a toluene 

suspension. Cu foil (99.999%) was electropolished at 2 V for 5min vs Cu foil counter electrode 

in 85% phosphoric acid. ECSA of prepared electrodes was estimated from a double layer 

capacitance in the CO2RR cell, calculated from a CV between –0.2 VAg/AgCl and –0.15 VAg/AgCl 

from the slope of the capacitive current at –0.175 VAg/AgCl plotted as a function of scan rate 

between 4 and 32 mV/s. 

TEM analysis was done either on FEI Spirit at 120 kV or JEOL 2200 FS at 200 kV. 

On-line ICP-MS 

Cu dissolution was tracked with on-line ICP-MS measurements. The setup consists of an in-

house designed and manufactured scanning flow cell (SFC), which outlet was coupled to the 

inlet of and inductively-coupled plasma mass spectrometer (Perkin Elmer NexION 350X). A 

double junction Ag/AgCl/3M KCl reference electrode (Metrohm) was used as the reference 

electrode, which was connected to the SFC via a capillary channel on the outlet side of the cell 

(to avoid Cl- ion contamination). A glassy carbon rod (SIGRADUR) was applied as the counter 

electrode, and it was connected to the SFC on the inlet side via a T-connector. Either the freshly 

polished Cu foil or the spherical Cu NPs-coated glassy carbon electrode served as the working 

electrode. The NP-coated electrodes were identical to the ones used in the other experiments. 

The working electrode was placed on an XYZ stage (Physik Instrumente M-403). Electrolyte 

used is 0.05 M KHCO3 that was saturated either with CO2 and Ar. An experimental limit of 

the system where salt concentration above 0.05 M does not allow ions detection imposed the 

choice of this concentration over 0.1 M KHCO3. The electrolyte flow (average flow rate was 

3.5 µl s–1) was controlled by the peristaltic pump of the ICP-MS (M2, Elemental Scientific). 

All electrochemical measurements were performed on a Gamry Reference 600 potentiostat. 
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Contact with the electrolyte was established applying –0.28 mA cm–2. After a 600s hold at this 

current density, four current pulses were applied with gradually decreasing current densities of 

–0.55 (duration of the hold was 20 s), –1.1 (35s), –2.2 (45s) and –2.95 mA cm–2 (55 s). The 

current density was set back to its baseline value and held there for 120 s after each pulse, 

except for the last, most negative one, when the current density was left at –0.28 mA cm–2 for 

an additional 600 s. Galvanostatic electrochemical protocol was chosen to allow a better control 

over bubble formation under CO2RR conditions resulting in more reliable cell operation. For 

further information about the optimization of measurement protocols see Section 2 in the SI. 

A custom-developed LabView software was used to control all instruments including the 

stages, potentiostat, peristaltic pump, and gas control box. ICP-MS was calibrated daily by a 

four-point calibration slope prepared from fresh standard solutions (Cu and Co, Merck 

Centripur).61 Co served as the internal standard. The internal standard stream was merged with 

the sample electrolyte stream via a Y-connector before the nebulizer of the ICP-MS. 

 

Detection of Cu ions via UV-Vis spectroscopy 

An H-Cell built in-house was constructed to mimic the typical cells used in CO2RR catalyst 

research. The cell geometry defines a 1 mL working electrode compartment with both faces of 

the electrode being exposed to the electrolyte. 2,9-dimethyl-1,10-phenanthroline (0.1 mM) was 

added to the 0.1M KHCO3 electrolyte and sonicated in a bath sonicator until completely 

dissolved. Note that the unbound dimethyl-phenanthroline ligands are always in large excess 

to the generated Cu ions. Electrolyte was pre-saturated with CO2, which was then continuously 

bubbled through the electrolyte during the experiment. Anolyte and catholyte chambers were 

separated with anion exchange membrane to prevent redeposition of Pt and diffusion of oxygen 

back to the working electrode. Working electrode (WE) was a glassy carbon sheet with 1.5 cm2 

geometric area. Counter electrode was Pt wire (99.99 %) and the used reference electrode was 

a leak-free Ag/AgCl LF–1 from Innovative Instruments Ltd.  Bio-Logic SP200 potentiostat was 

used to bias the electrochemical cell. The potential was converted to RHE scale using Equation 

1.  

ERHE (V) = 0.205 + EAg/AgCl + 0.059*pH  Equation 1 

To collect absorbance spectra, Perkin Elmer Lambda 950 Spectrophotometer equipped with 

deuterium and tungsten halide light sources and a photomultiplier tube with Peltier-controlled 
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PbS detector was used. Absorption of electrolyte solutions is measured between 250 and 650 

nm in a 0.5mL quartz cuvette.,  

The standards for the Cu2+ complex were prepared by dissolving 0.05 mM concentration of 

CuSO4 in electrolyte containing 0.1 mM of dmphen. The Cu+ complex is first synthesized 

following previous literature protocols.33 Copper(I) chloride (52.5 mg, 530 μmol) and (dmphen 

(221 mg, 1.06 mmol) are stirred in anhydrous ethanol (15 mL) under N2 atmosphere for 2h. 

The ethanol is evaporated on a nitrogen Schlenk line to prevent reoxidation of Cu+ ions and a 

brick red solid is obtained. The solid is first diluted to 1mM in ethanol and further dilutions in 

water for concentrations in the range 1 to 100 µM are used for the determination of the molar 

absorption coefficient. 

All reported measurements were performed in 0.1M KHCO3 (pH=8.2) upon saturation with 

CO2 (pH drops to 6.5). 

Ex-situ ICP-MS was performed using NexION® 350D model with a dual-channel Universal 

Cell. The as-prepared samples were digested in 2% nitric acid. 

 

Computational Details 

DFT simulations were applied through the Vienna Ab Initio Simulation Package (VASP), 

employing PBE as density functional51 and van der Waals dispersion through the DFT-D2 

method72,73 with our reparametrized C6 coefficients.74 To account for solvent contribution to 

Cu species formation energy, we employed the VASPsol code.52,53 Meanwhile, the explicit 

electric field was included through a dipole correction.74,75 Electric field was converted to 

electric potential vs RHE according to Equation 2, where Upzc is the potential of zero charge 

(vs RHE) and d is the thickness of the electrical double layer, estimated as 3 Å.76 Since the 

electric potential applied experimentally (–1.2 VRHE) was beyond the values achievable through 

DFT simulations, an extrapolation protocol was developed. According to Refs.17,76 the DFT 

energy of surfaces and intermediates depends on the electric field through Equation 3. In 

presence of electric field, firstly the energy of an intermediate changes by an interaction term 

𝐸-./ = 𝑝 ∙ 𝐸@⃗ − 0
!
𝛼𝐸@⃗ !, which depends on its dipole moment 𝑝⃗	and polarizability α.76 Secondly, 

the energy of the surface itself is affected by applied electric field through an electrostatic term 

Eel = − 0
!
εAd, where εAd term indicates the electrostatic energy stored by the surface at cathodic 
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bias, estimated assuming the electrical double layer as a parallel plate capacitor with ε is the 

dielectric permittivity of the medium (electrolyte), A the electrode surface area, and d the 

thickness of the dielectric double layer.76 This hypothesis is valid at the large electrolyte 

concentrations and large polarization in dilute media characteristic of the experimental 

conditions.77 Thus, DFT energies of Cu surfaces, adsorbates, and Cu complexes were obtained 

for 𝐸@⃗  between –0.3 and +0.3 V Å–1, and the function E(𝐸@⃗ ) fitted according to Equation 3 

(Supplementary Fig. S4.4). Then, DFT values at –1.2 V vs RHE (𝐸@⃗  = –0.56 V Å–1, see Equation 

2) were estimated through Equation 3 according to the fitting parameters (Supplementary 

Tables S4.4-S4.6).  

𝑈 = 𝑈123 +	𝐸@⃗ 𝑑         Equation 2 

𝐸E𝐸@⃗ F = 𝐸4 	+ 𝐸-./ + 𝐸56 = 𝐸E𝐸@⃗ = 0	𝑉	Å#0F + 𝑝 ∙ 𝐸@⃗ − 0
!
(𝛼 + 𝜀𝐴𝑑)𝐸@⃗ !  Equation 3 

Inner electrons were represented through PAWpseudopotentials78,79 and the monoelectronic 

states corresponding to valence electrons were expanded as plane waves with a kinetic energy 

cutoff of 450 eV. Three structural models were employed, namely Cu(100) 6×6, Cu(111) 6×6, 

and Cu(711) 6×6. On as-synthesized Cu nanoparticles, (111) domains are expected to be the 

most abundant according to Wulff theorem due to their low surface energy80, and may evolve 

to (100) and defective sites, modeled as Cu(711) here, under electrochemical conditions.6,81All 

the crystalline slabs contained at least four equivalent layers, with the two outermost relaxed 

and the rest fixed to the bulk distances. Vacuum thickness between periodic repetitions of the 

slabs accounted for at least 15 Å. We sampled the Brillouin zone by a Γ-centered k-points mesh 

from the Monkhorst-Pack method,82 with a reciprocal grid size smaller than 0.03 Å−1. Each 

selected Cu-L complexes was set at a distance of more than 3 Å from the surface on one side 

of the periodic cell, thus we imposed a dipole correction to correct artifacts from the 

asymmetric slab model.83 We reported all adsorption and dissolution energies using CO2(g), 

H2(g), H2O(g), dimethyl-phenanthroline(g) and the clean surface as energy references, 

according to Equations 4 and 5. When needed, CO(g) energy was estimated from DFT and 

experimental values following the procedure described in Ref.84  

𝑥CO! + 𝑦O! + 𝑧H" + 𝑧e# →∗ adsorbate	 + 𝑘H!O;	∆𝐸7*,   Equation 4  

∗ adsorbate + 𝑛'!( → [Cu"adsorbate])"!#; 	∆𝐸*+,,                Equation 5  
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Data availability  

The datasets generated though DFT and analysed during the current study are available in the 

ioChem-BD database85 at DOI 10.19061/iochem-bd-1-231, currently under embargo. 

Reviewers can access the full dataset here: https://iochem-bd.iciq.es/browse/review-

collection/100/36205/23ee811de59d952e37462864. Experimental data are openly available at 

DOI: 10.5281/zenodo.6724739.  
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