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ABSTRACT: The catalytic role of oxide-derived Cu (OD-Cu) in promoting CO2 reduction (CO2R) to C2+ products has been 
appreciated for decades. However, the dynamic evolution of the surface oxidation states, together with its real correlation to 
the binding of reaction intermediates, remains unclear due to technical challenges. Here, we show the time-resolved spec-
troscopic signatures of key OD-Cu-CO2•‒ intermediates during catalytic CO2 reduction through one electron transfer from 
nanoseconds to seconds time scale. We generate the initial intermediate CO2•‒ radicals in the bulk solution and monitor the 
interfacial reaction kinetics with well-defined OD-Cu (Cu(0), Cu(I), and Cu(II)) nanoparticles. Combined with molecular 
simulations, transient absorption profiles analysis reveals that Cu(I) induced a faster CO2•‒ radical coupling reaction than 
Cu(0), whereas Cu(II) is only reduced to Cu(I) by CO2•‒ radical. Furthermore, the newly developed multi-step cumulative 
pulse methodology uncovered the transition in chemical states of mixed OD-Cu during radical coupling reactions. This pulse 
radiolysis study provides compelling evidence for the beneficial role of subsurface oxide in early-time catalytic CO2 trans-
formation. 

1. INTRODUCTION 

Carbon dioxide (CO2) mitigation is one of the most im-
portant challenges of our time. One promising avenue has 
been converting this gas by renewable energy into valua-
ble chemicals and fuels that can be subsequently used as 
feedstock for the chemical industry or as energy storage 
technology. Copper stands out as the singular catalyst with 
an exceptional ability to generate high-value multi-carbon 
C2+ products during CO2 reduction in aqueous media1,2, 
especially when the electrode is nanostructured and de-
rived from an oxide1-3. The involvement of oxidized Cu-
based catalysts has also been appreciated in many other 
CO2 conversion routes, such as photolytic, radiolytic, and 
plasma strategies. In most cases, it leads to an increased 
catalytic performance4-6. Such widespread recognition 
makes oxide-derived copper (OD-Cu) essential in sustain-
able CO2 transformations to achieve carbon neutrality. 
Over the decades, extensive experimental and theoretical 
studies have been conducted to address the critical roles of 
OD-Cu in initial CO2 activation and subsequent C–C cou-
pling reactions; however, up to now, the mechanistic un-
derstanding remains debated.  

The controversial points are rooted in the simultaneous 
occurrence of oxidation state variations and surface re-
structuring during catalytic CO2 reduction7,8. The interplay 
of these two elementary processes makes the identifica-
tion of active sites considerably complex. Atomic rear-
rangement readily leads to macroscopical structural 
changes of OD-Cu in size, shape, facets, grain boundary, 
and element distribution, thus affecting the CO2 reduction 
framework9-11. Recent advances in spatial-resolved oper-
ando techniques make it possible to observe what has only 

been theoretically presumed to occur. The studies show 
that facet and nanograins rearrangements, contribute to 
the C−C coupling reaction and higher C2+ selectivity12-17. In 
contrast to spatial evolution, the direct observation of the 
swift transformations of oxidation state in real-time during 
catalytic CO2 reduction has been another long-standing 
experimental challenge. The oxidation states are also likely 
to vary due to the complex nature of Cu species coordinat-
ed with reactant intermediates2, 12, 13. For example, Cu(I) 
readily undergoes the dismutation to generate Cu(II) and 
Cu(0). Applying an external potential makes it susceptible 
to being reduced to Cu(0) or oxidized to Cu(II) by elusive 
O2 and other short-lived oxidizing species14, 15. The opera-
tional factors, such as cathodic voltage, localized pH, and 
intermediates, can reduce or reoxidize OD-Cu rapidly.  

Previous attempts led to different interpretations con-
cerning the precise oxidation states of Cu as active sites for 
promoting catalytic CO2 reduction8, 16-19. Some studies 
demonstrated that high selectivity to C2+ products could 
also occur in the OD-Cu with completely reduced surfaces. 
For example, operando grazing incidence X-ray studies by 
Drisdell et al.20 revealed that the surface oxide layer on 
polycrystalline Cu electrodes was fully reduced before on-
set potential. Cu(0) surface could be well maintained at the 
metallic state across the potentials relevant to the CO2R. In 
contrast, Roldan et al.18 suggested that OD-Cu were re-
sistant to reduction, and Cu(I) species remained on the 
surface during the reaction. The presence of Cu(I) species, 
as observed by operando X-ray absorption spectroscopy, is 
more relevant to catalytic performance rather than the 
roughness of catalysts. An electrochemical study of oxygen 
plasmas-modified dendritic Cu catalysts found that C2+ 



 

product selectivity trends can be exclusively assigned to 
their morphology and the contribution from exposed re-
gions of the respective underlying supports (Ag or Pt)17. 
Such discrepancies have posed significant challenges in the 
conclusive contribution of oxidation states of OD-Cu and 
thus have greatly hindered the rational design of catalysts 
for better performance. To date, most operando methods 
based on X-ray, infrared, or Raman spectroscopy are lim-
ited to subsecond time resolution, which have failed to 
reveal the key spectroscopic signature during the initial 
stages of CO2RR. No detailed in situ or operando technique 
is available on the initial surface-bound intermediates to 
shed light on the ultrafast transformations in the chemical 
state of OD-Cu under CO2RR conditions. 

The recent development of electron pulse radiolysis 
coupled with optical spectroscopy made it feasible to 
measure the transient CO2 reduction reactions at an un-
paralleled wide timescale from picoseconds21-23 to micro-
seconds24-26. Figure 1a shows the schematic of the picosec-
ond pulse radiolysis system. A focused 8 MeV electron 
pulse with ~7 picosecond pulse width was used to ionize 
liquid water to produce the short-lived hydrated electron 
(eaq–) absorbing at 718 nm. Bulk CO2•‒ radicals can be 
formed in a quantitative yield via eaq– attachment to CO2 
within 10 ns, which is known as the initial intermediate 
during CO2 reduction. Such rapid reaction excludes possi-
ble disturbing consequences, including electrolyte effects, 
competing reactions, and surface structure evolution or 
catalyst oxidation27. In the presence of synthetic nanoscale 
OD-Cu catalysts in CO2-saturated solution, this method 
enables to elucidate of the electronic transitions of surface-
bound intermediates via time-resolved spectroscopic sig-
nature, which is not accessible by existing subsecond op-
erando techniques28-30. Besides, the simplicity of water 
radiolysis has often been described as “electrolysis without 
electrode”. Based on the redox potential of CO2•− (−2.0 V) 
and eaq– (−2.7 V), the stability of oxidation states of OD-Cu 
can be estimated under a similar external potential. More 
importantly, each tunable high-energy pulse provides a 
known quantitative yield of electrons (μmol/J). For this 
reason, the precise manipulation of OD-Cu surfaces with 
gradient reduction levels becomes possible through the 
cumulative pulse. As a result, the transient spectroscopic 
method is well suited for the meticulous quantification of 
catalyst oxidation states in line with surface-bound inter-
mediates dynamics.  

Herein, we use the radiolytic reducing species to prepare var-
ious well-defined nanoscale OD-Cu (Cu(I), Cu(II), and their 
complex) via the reduction of Cu precursors. The formation of 
OD-Cu surface-bound CO2•‒ with the characteristic spectral 
band is identified by pulse radiolysis measurements and den-
sity functional theory (DFT) calculation. More importantly, we 
developed a multi-step cumulative pulse methodology to 
clarify the possible transition of OD-Cu in chemical states at 
the same moment that the reaction of surface-bound CO2•‒ 
radicals occurs. 

2. EXPERIMENTAL SECTION 

Chemicals. Copper(II) sulfate pentahydrate (CuSO4·5H2O), 
Sodium formate (HCOONa), and cetyltrimethylammonium 
chloride (CTAC) were purchased from Sigma-Aldrich (Shang-

hai) Trading Co. Ltd. All chemicals were used as received. Ul-
trapure water with a resistivity of 18.2 MΩ cm was used in all 
experiments. 

Synthesis of different nanoparticles. All nanoparticles (NPs) 
were synthesized by steady-state radiolytic methods. In a 
typical synthesis for Cu(I)-1 and Cu(I)-2 NPs, 2 mmol sodium 
formate and 0.5 mmol CTAC were added to 10 mL H2O. Then, 
10 mL copper(II) sulfate (1 mmol/L) solution was added to 
form homogeneous solutions. The solutions were saturated 
with CO2 and sealed in a homemade cuvette. The cuvette was 
irradiated at a 60Co gamma source (5.35 × 1013 Bq, located in 
the Université Paris-Saclay) at a dose rate of 2.2 kGy/h at am-
bient conditions. The dose rate was calibrated using the Fricke 
dosimeter. The resulting Cu(I) nanoparticle solution was di-
rectly used for pulse radiolysis experiments and absorption 
spectroscopy characterization. 

For Cu(I)-3 NPs, the atmosphere was replaced with Ar during 
gamma irradiation. For Cu(II) NPs, the resulting Cu(I)-2 NPs 
solutions were heated under 60 oC for 12 h to oxidize Cu(I) 
NPs to Cu(II) NPs. 

The Cu(0) NPs were prepared according to our previous re-
port. In a typical synthesis for Cu nanoparticles, 2 mmol sodi-
um formate, and 0.5 mmol CTAC were added to 10 mL H2O. 
Then, 10 mL copper(II) sulfate (1 mmol/L) solution was add-
ed to form homogeneous solutions. The solutions were satu-
rated with Ar and sealed in a homemade cuvette. The cuvette 
was irradiated at a 60Co gamma source at a dose rate of 2.2 
kGy/h at ambient conditions for 6.6 kGy. The resulting Cu 
nanoparticle solution was directly used for pulse radiolysis 
experiments and absorption spectroscopy characterization. 

Characterization. UV-vis spectra were recorded on a UV-
spectrophotometer (HEWLETT PACKARD 8453, HP) in the 
range from 190 to 800 nm. XPS analysis was performed on a 
Thermo Fisher Scientific ESCALAB 250Xi spectrometer using 
monochromatic Al Kα radiation (1486.6 eV; 150 W; 500 μm 
diameter of irradiated area). 

Electrochemical Measurements. All the electrochemical 
experiments were carried out by a potentiostat (CS2350H, 
Wuhan Corrtest Instruments Corp., Ltd. China) with a three-
electrode system including a working electrode, a counter 
electrode of Pt mesh, and a reference electrode of Ag/AgCl in a 
H-type cell. The carbon paper loaded with the catalyst was 
used as the work electrode. The catalyst ink was obtained by 
mixing 7 mg of as-synthesized catalyst and 50 μL of Nafion 
into a mixture containing 950 μL of ethanol, followed by 1 h 
sonication. The catalyst ink with a volume of 100 µL was de-
posited onto a precleaned carbon paper, which was dried at 
room temperature as a consequence of the loading concentra-
tion of 0.7 mg cm−2. The electrolyte was 0.5 M KHCO3 saturat-
ed with CO2 or Ar. Linear sweep voltammetry (LSV) was rec-
orded at the scanning rate of 5 mV s−1 with the potential win-
dow from −0.1 V to −1.5 V. The gas product was detected by 
gas chromatograph (GC, GC9790PLUS, Fuli Instruments, China) 
with a flame ionization detector (FID) and a thermal conduc-
tivity detector (TCD). All potentials in this work were con-
verted to potentials versus reversible hydrogen electrode 
(RHE) according to the following equation: E(vs. RHE) = E(vs. 

Ag/AgCl) + 0.197 + 0.059·pH.  

Pulse radiolysis. Pulse radiolysis experiments were carried 
out employing the picosecond laser-triggered electron accel-



 

erator, ELYSE, coupled with a time-resolved absorption spec-
trophotometric detection system. Laser (260 nm) driven 
Cs2Te photocathode allows the production of short electron 
pulses with a typical half width of 7 ps, a charge of ~ 6 nC, and 
an energy of ~ 7.8 MeV at a repetition rate of 10 Hz. During 
irradiation, metal nanoparticle solutions were contained in a 
homemade cell with a path length of 1 cm. The diameter of the 
electron beam was 3 mm, and the irradiated volume was less 
than 0.1 mL. 

Absorption spectral measurements were performed using the 
white light from a homemade Xenon flash lamp. The light (48 
mW/m2) was focused on the sample parallel to the electron 
beam with a smaller diameter and then directed onto a flat 
field spectrograph (250IS, Chromex), which disperses the light 
on the entrance optics of a high dynamic range streak-camera 
(C-7700-01, HAMAMATSU) to obtain an image resolved in 
wavelength and time. The kinetic data and absorption spectra 
were extracted from three series of 200 resulting images. In 
this work, the transient spectra were measured from 290 to 
720 nm at 1 µs, 10 µs, 20 µs, 100 µs, and 1 ms. 

Computational Methods. The structures of the systems were 
optimized without constraint at the DFT level, using the PBE 
functional, the SDD pseudopotential with 19 valence-electrons 
treated explicitly for Cu atoms, and the def2-SVP basis set for 
carbon and oxygen atoms. In all the calculations, solvent ef-
fects were implicitly represented by a dielectric continuum 
model using the SMD method, and dispersion corrections 
were added to the functional used in the D3BJ framework31. 
The calculations on the Cu(0) NP with different numbers of 
atoms (38 and 50) were conducted as previously reported43. 
The Cu(II) NP was modeled by a Cu38O38 cluster whose start-
ing structure was extracted from a previous DFT study32. The 
Cu32O15 model of the Cu(I) NP was built from the crystallo-
graphic structure33. To simulate oxygen loss, additional Cu(I) 
and Cu(II) calculations were performed with 4 oxygen atoms 
less than in the initial structure leading to the Cu32O11- CO2•‒ 
and the Cu38O34- CO2•‒ structures, respectively. The NPs were 
considered in the singlet spin state, while the complexes with 
the CO2•‒ radical were calculated in a doublet spin state. Sev-
eral starting points have been considered for the orientation 
and the interaction site of the CO2•‒ radical on the NP, and 
only the most energy-stable structure is reported in the re-
sults. The electronic spectra of the systems were computed in 
the TD-DFT framework using the CAM-B3LYP functional and 
included between 600 and 1000 excited states. All the DFT 
calculations were performed using the ORCA 5.0.3 software34. 
The electron density generated from ORCA was analyzed by 
quantum chemical topological and electronic transition anal-
yses using the Multiwfn code35. The analyses of both covalent 
and non-covalent interactions were calculated based on the 
Density Overlap Regions Indicator (DORI)36. The electron lo-
calization function (ELF) was evaluated to determine the va-
lence basins37. 

3. Results  

3.1 OD-Cu preparation and their performance in CO2RR. 
The correlation of Cu(I) species with initial CO2 activation and 
C–C coupling was highlighted by electrochemistry measure-
ments38, operando characterization10, and DFT calculations3. 
Prior to the pulse radiolysis study, the oxide-derived Cu (OD-
Cu) NPs of different oxidation states were synthesized in the 
homemade optical cell by an established radiolytic method39 
(See details in SI). With the known radiolytic yield (G-value 

expressed in mol/J unit) of reducing species, it is possible to 
control their oxidation states by varying the absorbed dose 
quantitatively. To avoid oxidation by air, the as-prepared 
samples were directly transferred to the pulse radiolysis plat-
form without any exposure to air. The oxidation states of na-
noparticles are recorded by the specific absorption bands and 
Cu Auger LMM XPS spectra. As shown in Figure S1, Cu LMM 
Auger spectra revealed the characteristic peaks correspond-
ing to different oxidation states of Cu—Cu(I), Cu(II), and me-
tallic Cu(0) samples, in accordance with the reported data40-42. 

To further examine the successful synthesis procedures, we 
initially characterize the OD-Cu NPs with electrochemical 
CO2RR measurements. (Figure S2). In Cu(I) NPs, C2H4 was the 
main carbon product at low potential ranges with FE around 
14% from –1.4 V to –1.1 V. The radiolytic Cu(II) NPs exhibited 
comparable Faraday efficiency (FE) at 10%. However, Cu(I) 
NPs exhibited enhanced C2H4 selectivity than Cu(II) NPs with 
a negligible FE of CO and CH4 (<2%), while the CH4 FE of Cu(II) 
was 6.5%. These electrochemical results are consistent with 
the previous reports16-19 and thus represent the realization of 
a general synthetic strategy of OD-Cu NPs for time-resolved 
mechanistic study. 

3.2 Kinetics of OD-Cu bound CO2•‒ radical. Figure 1b-d illus-
trates the key transient absorption resonance resulting from 
the reaction of CO2•‒ radicals with all Cu NPs from nanosec-
onds to submillisecond time scale: 

Cu (or OD-Cu) NP + CO2•‒ → Cu (or OD-Cu) NPs-CO2•‒ 

The absorption band around 340 nm is attributed to surface-
bound CO2•‒ on Cu(0)43 (Figure 1e). On the surfaces of Cu(I) 
and Cu(II) NPs, CO2•‒ radicals exhibit more intense absorption. 
Notably, the peaks of Cu(I) NPs-CO2•‒ radicals (380 nm, Figure 
1f) and Cu(II) NPs-CO2•‒ radicals (400 nm, Figure 1g) shift 
towards the visible region compared to the case of Cu(0). The 
negative signals at around 400 nm in Figure 1c and 450 nm in 
Figure 1d are due to the optical artifacts from the streak cam-
era. Besides, Figure 1h-j shows that the formation rate can be 
distinguished between Cu(I) and Cu(II) NP. As a result, the 
spectral changes imply that the electronic structure of OD-Cu 
during the initial CO2 reduction can act as the benchmark data 
for theoretical calculations and the experimental identifica-
tion of OD-Cu-based intermediates. 

The subsequent decays of surface-bound CO2•‒ radicals on 
Cu(0) and Cu(I) NPs exhibited second-order reactions at sub-
millisecond timescale. Based on the concentration of Cu nano-
particles for a given size (around 9 × 10–8 mol/L) and the ra-
diolytic yield of CO2•– formation (3 × 10–5 mol/L), one nano-
particle can even have hundreds of radicals adsorbed. There-
fore, the probability of the surface reaction between two CO2•– 
radicals on the same nanoparticle is high. Secondly, in the case 
of our pulse radiolysis condition (with 5 ps pulse duration), 
the reverse reaction of surface adsorption is negligible, we 
solely observed the surface reaction. According to the Lang-
muir-Hinshelwood-Hougen-Watson model: 

CO2•–ad + CO2•–ad ↔ P 

The rate of surface reaction is given as r = k (CO2•–ad)2 – k’ (P). 
Since the reverse reaction is negligible, the overall reaction 
would be second order (r = k (CO2•–ad)2). However, the reac-
tion between two nanoparticles at millisecond range is not 
excluded. Therefore, we propose the second order decay is 



 

attributed to the coupling reaction of CO2•– radicals on the 
same nanoparticle or different nanoparticles. Moreover, the 
absorption spectra of molecular products, such as CO, formate, 
and oxalate, are beyond our detection limit in the UV region, 
so the decay can solely be attributed to radical-coupling reac-
tions (Figure 1k-m). 

 

Figure 1. (a) Schematic of the experimental setup for pulse radiolysis: picosecond laser-triggered 7.8 MeV electron beam and the time-resolved absorption 
spectrophotometric detection system. Transient absorption matrix within 820 µs recorded by pulse radiolysis of CO2-saturated solution containing 0.1 M 

formate in the presence of 0.5 mM Cu(0) (b), Cu(I) (c), Cu(II) (d) NPs. Transient absorption spectra at 20 µs for Cu(0) (e), Cu(I) (f), Cu(II) (g) NPs. Transient 
kinetics within 80 µs for Cu(0) NPs at 420 nm (h), Cu(I) NPs at 370 nm (i), and Cu(II) NPs at 380 nm (j). Transient kinetics within 800 µs for Cu(0) NPs at 420 

nm (k), Cu(I) NPs at 370 nm (l), and Cu(II) NPs at 380 nm (m). The negative signal in Figures corresponds to the Cherenkov light. Inset: The fitting kinetics 
curves of the decay show the involvement of two species. 

 

The half-time for CO2•‒ on Cu(I) (155 μs) is over 10-fold short-
er than Cu(0), suggesting a faster coupling kinetics. The accel-
erated rate revealed that the contribution of Cu NPs’ oxidation 
states to C−C coupling was in line with the enhanced selectivi-
ty of C2H4. By contrast, Cu(II) NPs-CO2•‒ displays a more com-
plex kinetics that may involve an electron transfer reaction 
(Figure 1m). To clarify the elementary process, we model the 
transient behavior by SK-Ana software44. The deconvoluted 
data indicates the lifetime of Cu(II) NPs-CO2•‒ (Figure 1m inset) 
is around ms. It is known that the reaction of CO2•‒ with bulk 
Cu2+ ions occurs very fast. So, the long-lived Cu(II) NPs- CO2•‒ 
are uncommon and should yield distinct products. The spec-
tral data lead us to conclude that Cu(II) surfaces typically facil-

itate electron transfer in CO2•‒ radicals, while Cu(I) emerges 
as the genuine active component for OD-Cu in the coupling 
reaction. 

3.3 Molecular simulations of OD-Cu bound CO2•‒ radical. 
Molecular simulations at the DFT level were conducted to 
elucidate experimental absorption bands of CO2•− radicals 
interacting with different Cu nanoparticles (NPs), incorporat-
ing solvent effects through a dielectric continuum model. The 
calculations on the Cu(0) NP with different atoms (38 and 50) 
were conducted as previously reported43 (Figure S3). The size 
of Cu(0) NP does not affect the general trend of the simulation 
results. More importantly, the nature of the interaction of 
CO2•− radicals with Cu(I) and Cu(II) NPs was investigated 



 

(Figure 2). For Cu(II), CO2•− species exhibited a linear geome-
try as a neutral CO2 molecule and a weak interaction with a 
3.03 Å distance between the carbon atom and the nearest Cu 
atom. Such structure indicated that CO2•− radical had trans-
ferred its single electron to Cu (II) NP. The electron transition 
process corroborated the above transient kinetics. ELF topo-
logical analysis and DORI plot evidenced van der Waals inter-
actions without covalency between CO2•− radical and Cu(II) 
NP. 

In contrast, for Cu(I), interfacial CO2•− absorption occurred 
with a bent geometry, interacting through the O atom with a 
1.92 Å distance. Partial covalency (–0.55 electrons) was 
aligned with a Cu-O bond with a Mayer Bond order of 0.5, and 
an ELF valence basin indicated the sharing of 2.03 electrons. 
Accounting for the loss of a few oxygen atoms in the simula-
tion has little impact on the nature of the interaction and the 
electronic spectrum, keeping a bent structure of the CO2•− 
radical with a partial electron transfer (Figure S4 and Table 
S1). 

 

Figure 2. DFT optimized structures (a) and DORI plots(b) (repulsive forc-
es in red and covalent interaction in blue) of Cu(II) NPs-CO2•‒. DFT opti-
mized structures (c) and DORI plots(d) of Cu(I) NPs-CO2

•‒. TD-DFT elec-
tronic spectra of Cu(II) NPs-CO2•‒ (e) and Cu(I) NPs-CO2•‒ (f). electronic 

transition analysis (hole in blue and electron in green) of Cu(II) NPs-CO2•‒ 
(g) and Cu(I) NPs-CO2

•‒ (h). 

These findings illustrated a significant difference in the inter-
molecular interaction strength between those for Cu(II) and 
Cu(I). TD-DFT calculations revealed the distinct absorption 
bands for Cu(I) and Cu(II) systems interacting with CO2•−. The 
Cu(I) spectrum exhibited broadening and a band maximum at 
288 nm, while the Cu(II) spectrum showed a blue shift with a 
maximum of 328 nm. Hole-electron formalism analysis high-
lighted the weak interaction between CO2•− and Cu(II) and a 
more pronounced involvement of CO2•− in the electronic tran-
sitions for Cu(I). These results confirmed the covalent interac-
tion between CO2•− and Cu(I).  

3.4 Dynamic evolution of CO2•‒ on Cu(II) NPs. In the pre-
sent pulse radiolysis study, we advanced a multi-step cumula-
tive technique. By delivering the electron pulses one by one to 
the system, we can precisely modulate the oxidation states of 
OD-Cu via reactions with known radiolytic yields of CO2•‒. This 
method enables successive electron transfer and thus quanti-
fies the surface evolution of OD-Cu in a more operational CO2 
reduction process. 

As an example of Cu(II) NPs, after the first electron pulse, a 
characteristic band of Cu(II) NPs-CO2•‒ appears at 420 nm 
within 20 μs (Figure 3a). Subsequently, at 750 μs, it is trans-
formed to a Cu(I) with an absorption band below 320 nm, 
coinciding with the decay of Cu(II) NPs-CO2•‒ (Figure 3b). 
With pulse increments, the band gradually shifts from 420 nm 
to 380 nm (Figure 3a), resembling the band of Cu(I) NPs-CO2•‒. 
The reduced Cu(II) absorbance at 320 nm confirms the com-
plete transformation of the Cu(II) NP surface into Cu(I). Fur-
thermore, the view is supported by the steady-state UV-vis 
spectral characterization of spent samples taken after the 
pulse radiolysis measurements (Figure S5). 

The multi-step pulse transient kinetics (Fig.3c and 3d) associ-
ate chemical state transition from Cu(II) to Cu(I) with surface-
bound intermediates kinetics. The rising kinetics at 300 nm in 
the initial three pulses is primarily attributed to the Cu(I) 
formation. The decay at 380 nm within 200 μs clearly shows 
the electron transfer of surface-bound CO2•‒ radicals to Cu(II). 
Beyond 200 μs, the electron transfer reaction to Cu(II) is near-
ly completed, and Cu(I) and Cu(II) NPs-CO2•‒ co-existed (Fig-
ure 3b). After four pulses, the decay gradually transforms into 
a more straightforward second-order decay profile. By the 
tenth pulse, the half-time observed at 380 nm reaches 250 μs, 
following the kinetics observed for pure Cu(I) NPs solution 
(Figure S6). The decreasing intensity of the absorbance at 300 
nm verifies the total reduction of Cu(II) surfaces (Figure 3d). 
This analysis reveals the dynamic evolution of Cu(II) during 
CO2 reduction: initial electron transfer from CO2•‒ radicals to 
Cu(II) results in Cu(I) formation within 200 μs (Cu(II) NPs-
CO2•‒ → Cu(I)ad + CO2, where Cu(I)ad represents Cu(I) at the 
surface of Cu(II) NPs). Subsequently, the sustained decay sug-
gests the transformation of surface-bound CO2•‒ radicals to 
other reduction products rather than the exclusive formation 
of CO2 (Cu(II) NPs-CO2•‒ → products). As more Cu(I) sites are 
produced, the CO2•‒ coupling reaction on Cu(I) is favorable, 
with the half-time shrinking to 250 μs. Therefore, from the 
dynamic evolution of CO2•‒ on Cu(II) NPs, it is concluded that 
Cu(I) is identified as the real active site of OD-Cu for the cou-
pling reaction, even in the presence of subsurface Cu(II). 

 

Figure 3. Transient absorption spectra as a function of the number of the 
electron pulse in CO2-saturated 0.1 M formate solution in the presence of 
0.5 mM Cu(II) NPs at 50 µs (a) and 750 µs (b). Transient kinetics within 
820 µs as a function of the number of electron pulses at 380 nm (c) and 

300 nm (d). 

3.5 Dynamic evolution of CO2•‒ on Cu(I) NPs. In the context 
of electrochemical CO2 reduction (eCO2R) involving OD-Cu, 
one of the central debates concerns the dynamic involvement 
of Cu(I)45-47. Stabilizing the Cu(I) state in solution and decou-
pling it from the impact of applied external potential is chal-



 

lenging. In operational cases, Cu-based catalysts are mostly 
partially oxidized Cu(I). By utilizing pulse radiolysis experi-
ments with or without additional electron injection, we can 
either couple or decouple the effect of the external potential to 
elucidate the dynamic evolution of Cu(I). Three partially oxi-
dized or reduced Cu(I) NPs were synthesized as described in 
Scheme 1: Two variants, Cu(I)-A and Cu(I)-B, contained dif-
ferent amounts of Cu(II) on the surfaces. Cu(I)-C had Cu(I) 
NPs with Cu(0) on the surfaces for comparison. The nature of 
these Cu species was verified using UV-vis absorption spectra 
(Figure S7).  

 

Scheme 1. OD-Cu species and their transformation by multi-step elec-
tron pulses. 

Reactivity of CO2•‒ with Cu(I)-A NPs. Cu(I)-A NPs are syn-
thesized via controllable irradiation dose (920 Gy) of a solu-
tion of CuII ions via partial reducing reactions. Then, the sam-
ples are transferred to a pulse radiolysis experiment in CO2-
saturated 0.1 M formate aqueous solutions. In this case, CO2•‒ 
radicals solely exist in the irradiated system induced by eaq–. 
OH• and H• were scavenged (•OH + HCOO‒ → CO2•‒ + H2O, k2 = 

4.1 × 109 M‒1 s‒1; •H + HCOO‒ → CO2•‒ + H2, k3 = 2.1 × 109 M‒1 

s‒1)6, 48. Figure 4a illustrates a sequence of transient kinetics at 
370 nm across a multi-step cumulative pulse. The second-
order decays (Figure S8a-b) are assigned to the occurrence of 
CO2•‒ radicals coupling on Cu(I)-A surfaces. However, the ini-
tial absorbance intensities rise with increased electron pulses. 
During the first electron pulse, Cu(II) or the dissolved CuII ions 
from the Cu(I)-A surface is reduced to Cu(I). The signal en-
hancement can be attributed to CO2•‒ radicals bounded to the 
newly formed Cu(I) sites at the surfaces, displaying a higher 
extinction coefficient than Cu(II). Owing to the limited content 
of Cu(II) and CuII ions, we are not able to observe the signal of 
Cu(I) formation, but a new signal at 480 nm (Figure 4b) con-
firms the formation of CuCO2. This occurs due to the reaction 
between CuI ions from reduced CuII and CO2•‒ radicals at 20 μs 
(CuI + CO2•‒ → CuCO2). The rapid Cu(II) reduction is con-
firmed by the drop in intensity at 480 nm (Figure 4c). At the 
end of several pulses, Cu(I)-A NP contains almost totally Cu(I), 
so the decays gradually converge to that observed for neat 
Cu(I). With the decrease of Cu(II) sites, the faster electron 
transfer between Cu(II) and CO2•‒ gradually diminished and 
transformed to slower CO2•‒ coupling reaction on Cu(I) alone. 
This fact is evidenced by the extension of the half-time from 
90 μs to 150 μs following two pulses, eventually stabilizing at 
155 μs. After 200 μs decay, the transient absorption spectra 
exclusively feature surface-bound on Cu(I) NPs-CO2•‒ radicals, 
implying the complete reduction of the sample Cu(I)-A into 
Cu(I) NP (Figure 4d and Figure S8c).  

 

Figure 4. (a) Transient kinetics of Cu(I)-A within 800 µs as a function of 
pulses at 370 nm. Transient absorption spectra of Cu(I)-A as a function of 
pulses at 20 µs (b), transient kinetics at 480 nm (c), and Transient absorp-
tion spectra at 200 µs (d). Transient kinetics of Cu(I)-B within 800 µs as a 
function of pulses at 370 nm (e) and transient absorption spectra of Cu(I)-
B at 20 µs (f). (g) Schematic of reaction pathway of surface-bound CO2•‒ on 

Cu(I). 

Reactivity of CO2•‒ with Cu(I)-B NPs. For sample Cu(I)-B, the 
higher absorbed dose with 1.8 kGy leads to an almost full re-
duction during preparation. In this case, a much lower Cu(II) 
content is located on the surface of Cu(I) NPs. Corresponding-
ly, the transient kinetics at 370 nm of Cu(I)-B is identical to 
the second-order decay of Cu(I) NPs-CO2•‒ radicals. Neverthe-
less, the incremental reduction for surface Cu(II) was remark-
ably suppressed. (Figure 3e-f). Upon the first pulse, the 
stronger intensity than that of Cu(I)-A suggests a higher initial 
concentration of Cu(I) sites available for CO2•‒ radicals. For 
this reason, the coupling reaction is accelerated with a half-
time of 150 μs in proximity to the saturated Cu(I) state (155 
μs) (Figure 3e and Figure S8d-f). Moreover, the signal for 
CuCO2 is nearly negligible at 20 μs (Figure 3f). After 4 pulses, 
both the transient profiles approach those of a pure Cu(I) 
state with an identical rate for the coupling reaction. These 
comparable results showed that the different surface distribu-
tions of Cu(II) on Cu(I) nanoparticle surfaces would not influ-
ence the final reaction kinetics.  

 



 

 

Figure 5. (a) Transient absorption spectra range from 0.5 µs to 3.5 µs of Cu(I)-B. TranSent kinetics of Cu(I)-B and Cu(I)-C at 650 nm within 15 µs (b), at 380 

nm within 800 µs (c), and transient absorption spectra at 400 µs (d). 

To check whether Cu(I) reduction to Cu(0) occurs, we further 
extended the electron-beam irradiation of Cu(I)-B (with al-
most pure Cu(I) form) under CO2 reduction conditions from 1 
kGy up to 12 kGy (equating to a cumulative total of 7.2 mM 
CO2•‒ radicals). We do not observe the obvious transition from 
Cu(I) to Cu(0). The transient kinetics only exhibited typical 
second-order kinetics of Cu(I)-CO2•‒ radicals and a sluggish 
decrease in the initial intensity (Figure S9). On the one hand, 
this kinetics can be attributed to the redox potential of CO2•‒ 
radicals (–2.0 eV) compared to Cu(I) (between – 2.6 eV for 
CuI/Cuatom to – 0.36 eV for CuI/Cumetal)24, 49. On the other hand, 
insight from recent large-scale molecular dynamics simula-
tions revealed that the reduction dynamics of Cu(I) necessi-
tated a considerable amount of time to remove all the trapped 
oxygen and to reconstruct Cu surfaces50. 

These observations underscored critical evidence in the case 
of CO2 reduction under pH conditions of 7.8 with 5 nm Cu 
catalysts in different oxidation states: during the CO2 reduc-
tion, Cu(I) predominately stabilizes CO2•‒ radicals for further 
coupling reaction rather than being reduced to Cu(0). Specifi-
cally, the partially oxidized surface of Cu(I) primarily loses a 
segment of CO2•‒ radicals to complete the reduction of oxi-
dized Cu(I). Still, the presence of a small amount of Cu(II) ac-
celerates the radical coupling reaction. Once the Cu(I) state is 
fully formed, the coupling reaction rate is maintained, inde-
pendent of the initial surface oxidation state. Based on the 
redox potential of Cu(I), our time-resolved results shed new 
sights into the elementary CO2RR process, especially under 
applied potential above –0.36 eV. 

To simulate the operational conditions at lower applied po-
tential, we investigate the dynamic evolution of Cu(I)-B NP 
with electron injection. In the Ar-saturated solution, two re-
ducing radicals (eaq– and CO2•‒ radicals) are simultaneously 
produced by electron pulse. The distinct transient absorption 
profile of each species was observed (Figure 5a). An intense 
broad absorption band of eaq– appears within 0.5 μs and grad-
ually diminishes (Figure 5b). The observation shows that eaq– 
can reduce Cu(I) to Cu(0). The formation of Cu(0) species is 
identified by the irradiated samples after pulse radiolysis 
(Figure S10). A new absorption band for surface-bound CO2•‒ 

radicals on both Cu(0) and Cu(I) are observed (Figure 5c-d). 
Cu(I)-CO2•‒ radicals decayed much faster than on Cu(0)-CO2•‒ 
(Figure 1g and 1h), so a higher intensity appeared at 320 nm 
than at 380 nm (Figure 5d). These results revealed that once 
the decay of eaq– was complete, CO2•‒ radicals were adsorbed 
onto Cu(I) and Cu(0) with subsurface oxide. 

Reactivity of CO2•‒ with Cu(I)-C NPs. Recent studies provide 
the insight that subsurface oxide plays a critical role in the 
initial steps for activating CO2. The subsurface oxide structure 
would promote H2O chemisorption onto the Cu+ center. This 
enables the electronic communication between adsorbed CO2 
and H2O, favoring the transition from a linearly physisorbed 
CO2 to CO2•‒ radicals. To underline the potential role of sub-
surface oxide2, 51, we prepared Cu(I) NPs incorporating Cu(0) 
as a reference by irradiation at 4 kGy (Cu(I)-C). As discussed 
above, the surface reduction of Cu(I) to transient Cu(0) with 
subsurface oxide was achieved within 10 μs. In comparison 
with Cu(I)-B, Cu(I)-C surfaces had a portion of Cu(I) sites re-
placed by Cu(0), with a lower density of subsurface oxide. 
Comparative analysis of Cu(I)-C and Cu(I)-B reveals distinct 
kinetics at 380 nm (Figure 5c). Both Cu(I)-B and Cu(I)-C show 
a similar decay for the first 50 μs. However, Cu(I)-B presents 
slower decay and higher intensity later due to the more sub-
surface oxide sites on its surface than Cu(I)-C. Such difference 
in transient dynamics strongly supports the notion that sub-
surface oxide plays a constructive role in stabilizing CO2•‒ 
radicals at the surface. Notably, the red-shift observed in the 
transient absorption spectra of Cu(I)-B relative to Cu(I)-C 
further emphasizes the manifestation of a more delocalized 
interaction involving CO2•‒ radicals (Figure 5d). The interac-
tion enhanced the activation propensity of CO2•‒ radicals and 
facilitated their engagement in subsequent reactions. 

4. CONCLUSIONS  

In summary, our study integrated nanoscale OD-Cu manipula-
tion with pulse radiolysis to unravel the intricate role of cop-
per oxidation states on the interfacial dynamics of CO2•‒ in-
termediate. Pulse radiolysis measurements, combined with 
molecular simulations, dictated the benchmark data for the 
formation and decay of surface-bound CO2•‒ radicals on vari-



 

ous OD-Cu. Cu(II) surfaces dominate electron transfer from 
CO2•‒ radicals to form Cu(I) within 200 μs, while Cu(I) emerg-
es as the genuine active site for OD-Cu in the coupling reaction 
and stabilizes CO2•‒ radicals for a considerably longer time 
without electron transfer. The multi-step methodology quanti-
tatively captured the dynamic evolution of OD-Cu with differ-
ent oxidation states. The beneficial role of subsurface oxide in 
the initial adsorption and activation of CO2•‒ radicals was also 
verified. This study of monitoring the transient kinetics of 
interfacial intermediates establishes a foundational experi-
mental methodology for elucidating heterogeneous catalysis 
mechanisms from an elementary reaction perspective. 
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