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Activation of light alkanes at room 
temperature and ambient pressure

Haochen Zhang    1,5, Chunsong Li    1,5, Wenxuan Liu    1, Guangsheng Luo1, 
William A. Goddard III 2, Mu-Jeng Cheng    3, Bingjun Xu    4  & Qi Lu    1 

Light alkane activation under mild conditions remains a substantial 
challenge. Here we report an aqueous reaction system capable of selectively 
converting light alkanes into corresponding olefins and oxygenates at room 
temperature and ambient pressure using Cu powder as the catalyst and O2 
as the oxidant. In ethane activation, we achieved a combined production 
of ethylene and acetic acid at a rate of 2.27 mmol gCu

−1 h−1, with a combined 
selectivity up to 97%. Propane is converted to propylene with a selectivity 
up to 94% and a production rate up to 1.83 mmol gCu

−1 h−1, while methane is 
converted mainly to carbon dioxide, methanol and acetic acid. On the basis 
of catalytic experiments, isotopic labelling experiments, spectroscopic 
insights and density functional theory calculations, we put forward 
mechanistic understandings in which the C–H bond is activated by the 
surface oxide species generated during the oxidation process, forming alkyl 
groups as key reaction intermediates.

The production of light alkanes, that is, methane, ethane and propane, 
has been boosted due to the development of shale gas exploitation. The 
direct conversion of these hydrocarbons into high-value liquid fuels 
and commodity chemicals under mild conditions is an economically 
promising but fundamentally challenging route for on-site utilization 
and storage of these resources1,2. Elevated temperatures (200–600 °C) 
and pressures (typically 5–50 bar) are typically required to promote 
these reactions, such as the dehydrogenation and cracking of ethane 
and propane to produce olefins3–5 as well as the partial oxidation of 
light alkanes to oxygenates via gas-phase chemical looping6–8. Large-
scale, centralized plants are needed to make these processes profitable, 
which hinders the exploitation of light alkanes produced at remote oil 
or gas fields. Electrophilic metal cations were found to activate light 
alkanes at less critical conditions (110–220 °C, 10–35 bar) to form cor-
responding alcohol esters9–12. However, corrosive solvents (oleum or 
trifluoroacetic acid) are required to facilitate the reaction and protect 
the products against overoxidation. Additional hydrolysis steps are 
also needed to convert produced esters into desired alcohols, which 
increases the operational cost of the process.

On-site utilization of light alkanes necessitates the development of 
processes that are convenient and operate under mild conditions. In this 
Article, we demonstrate an aqueous system for the light alkane activation 
that is capable of converting these hydrocarbons into corresponding 
oxygenates and olefins under room temperature and ambient pressure 
with Cu as the catalyst and gaseous O2 as the oxidant. In particular, ethane 
can be partially oxidized to ethylene and acetic acid with a conversion 
rate of 2.27 mmol gCu

−1 h−1 and a combined selectivity up to 97%. Propane 
can be converted to propylene with a rate up to 1.83 mmol gCu

−1 h−1 and a 
selectivity up to 94%. The main products of methane activation are carbon 
dioxide, methanol and acetic acid. Isotopic labelling experiments and 
in situ surface-enhanced Raman spectroscopy (SERS) were conducted 
to probe key reaction intermediates, and the reaction mechanism was 
investigated using density functional theory (DFT) calculations.

Results
Activation of light alkanes by copper powder
The activation of light alkanes was conducted by co-feeding one alkane 
(that is, ethane, propane or methane) and O2 into a magnetically stirred 
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selectivity up to 94% (Supplementary Table 3). The conversion rate of 
propane also increases with increased O2 mole fraction in the feed. At 
the O2 mole fraction of 0.30, the production rate of propylene reached 
1.83 mmol gCu

−1 h−1 with the selectivity of 88%. Other minor products, 
including propionic acid, acetone, allyl alcohol, 3-hydroxypropionic 
acid and acetic acid, were also detected. The mass-specific reaction 
rate of our ethane and propane activation at ambient conditions is 
comparable to the results in literature that are obtained at elevated 
temperature (comparisons provided in Supplementary Tables 4 and 5).

For co-feeding methane and O2, CO2 is the main product, with a 
production rate that also increases with increased O2 mole fractions 
(Fig. 1c and Supplementary Table 6). Methanol, acetic acid and CO were 
also identified with production rates of 3.0, 2.7 and 4.0 μmol gCu

−1 h−1, 
respectively, at an O2 mole fraction of 0.3. A trace amount of ethane was 
also detected. These results indicate that ample methyl species (iden-
tified below) are available on the Cu surface for coupling reactions. 
The ethane produced from methane activation could also be further 
converted to ethylene in our system. However, the concentration of 
ethane from methane activation is very low (with partial pressure of 
ethane less than 0.001 atm), and thus its conversion to ethylene is too 
low to be detected.

We note that transition metal ions are capable of catalytically 
decomposing H2O2 to generate powerful oxidizing radicals (that is, 
Fenton reaction). In our system, the reaction of O2 and metallic Cu in 
solution might produce H2O2 and the possible subsequent decomposi-
tion of the produced H2O2 by Cu ions could generate such radicals that 
might play a role in the oxidation sequence. If H2O2 were formed by the 
aerobic oxidation of Cu(0), the upper bound of H2O2 concentration 
could be calculated to be 0.18 M on the basis of the Cu2+ concentra-
tion after a typical 1 h ethane activation reaction. Thus, we performed 
control experiments with 0.2 M H2O2 as the oxidant instead of O2 in 
ethane activation. As shown in Supplementary Fig. 9, the reaction 
rate using 0.2 M H2O2 is less than 10% of that using O2 as the oxidant 
under otherwise identical conditions, with detailed data provided in 
Supplementary Table 2. Therefore, we believe that Cu-catalysed Fen-
ton pathway is unlikely to be the reaction mechanism in our system. 
As noble metals (that is, Pt and Pd) are capable of catalysing aerobic 
oxidation of alcohols, we also conducted control experiments with 
20 mg ml−1 Pt or Pd powder with similar dimensions to Cu powder under 
otherwise identical conditions. As shown in Supplementary Fig. 10, only 
trace amounts of products were detected (detailed data are provided 
in Supplementary Table 2).

Cu powder suspension prepared by dispersing Cu powder into an aque-
ous HClO4 solution at room temperature and ambient pressure (for 
experimental details, see Methods). Scanning electron microscopy 
(SEM) analysis showed that Cu powders were several micrometres in 
size (Supplementary Fig. 1). Powder X-ray diffraction patterns exhibited 
peaks at the expected positions for the bulk Cu lattice with an estimated 
average crystalline size of 39 nm using the Scherrer equation (Supple-
mentary Fig. 2). The specific surface area is 2.3 m2 g−1 measured by the 
Brunauer–Emmett–Teller isotherm. X-ray photoelectron spectroscopy 
(XPS) data indicated the existence of native oxides on the surface, 
which was probably due to the inevitable exposure to atmospheric 
air (Supplementary Fig. 3). In HClO4 solution, these native surface Cu 
oxides were quickly removed under Ar as shown in the in situ SERS 
investigations (Supplementary Fig. 4).

Figure 1a shows the results of ethane activation at room tem-
perature and ambient pressure at different mole ratios of C2H6 and 
O2 in 1.0 M HClO4 with a Cu powder loading of 20 mg per millilitre of 
solution. The main products are ethylene in the gas phase and acetic 
acid in the liquid phase, with small amounts of ethanol, acetaldehyde, 
methane and carbon dioxide (Supplementary Fig. 5 and Supplemen-
tary Table 1). The rates of major products increase as the mole fraction 
of O2 in the gas feed increases from 0.05 to 0.30, while the ethane 
mole fraction decreases concomitantly, indicating a positive reaction 
order of O2 in activating ethane. At an O2 mole fraction of 0.30, we 
achieved optimal production rates of 0.95 mmol gCu

−1 h−1 for ethylene 
and 0.56 mmol gCu

−1 h−1 for acetic acid, respectively. The concentration 
of acetic acid reached 11.2 mM under this condition after 1 h of reaction, 
highlighting that this process could produce quantities of oxygenates 
with practical importance. The rates of ethane activation continue to 
raise with further increase in the O2 mole fraction in the gas feed up to 
0.5 (Supplementary Fig. 6). No product was observed if either ethane 
or Cu powder was absent in the reaction system (Supplementary Fig. 7  
and Supplementary Table 2). Trace amounts of ethylene, acetic acid 
and ethanol were detected in control experiments without O2 feed 
(that is, <1% of the production with O2 mole fraction of 0.2), which we 
attribute to a slight filtration of ambient air into the system during 
reactions (Supplementary Fig. 7 and Supplementary Table 2). These 
results confirm that the products originate from ethane conversion 
in the presence of O2 and Cu powder.

Figure 1b shows the results of propane activation at otherwise 
identical conditions (for minor product distributions, see Supplemen-
tary Fig. 8). The main product of propane activation is propylene with a 
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Fig. 1 | Light alkane activation with different O2 mole fractions in the feed 
at room temperature. a–c, The production rate and distribution of ethane 
activation (a), propane activation (b) and methane activation (c) with different 
mole fractions of O2 in the gas feed. The stirring rate was 1,500 r.p.m. Total 

pressure in the reactor was 1 atm consisting of alkane and O2. Error bars represent 
the standard deviation of four independent measurements, and the data are 
presented as mean ± standard deviation.
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Isotope-labelled ethane (13C2H6) and O2 (18O2) were used as the gas 
feed to probe the carbon and oxygen source of major products from 
ethane activation. The 13C-labelled ethylene was quantified using gas 
chromatography–mass spectrometry (GC–MS), and 13C-labelled and 
18O-labelled acetic acid were quantified using both proton nuclear 
magnetic resonance (NMR) and GC–MS. The GC–MS profiles and  
NMR spectra are provided in Supplementary Figs. 11–13. As shown in 
Fig. 2a,b, all major products are 13C-labelled when 13C2H6 was used as the 
gas feed, confirming that the carbon source of observed products is 
ethane. Interestingly, no acetic acid is 18O-labelled when 18O2 was used 
(Fig. 2c), indicating that water, rather than gaseous O2, is the oxygen 
source for the oxygenates produced from ethane activation. This is 
consistent with the mechanism we proposed based on DFT calcula-
tions, which will be discussed in the following sections. The 18O-labelling 
results also exclude the possibility that oxygenates are produced from 
the reaction between ethyl and hydroxyl radicals which originate from 
O2 via Fenton-like mechanism, in which oxygen atoms from O2 would 
incorporate into produced oxygenates.

We then investigated the impact of HClO4 concentration and Cu 
powder loading on the reaction performance in ethane activation due 
to its relatively high reaction rate and simple product distribution. 
The production rate increases substantially (by a factor of 3) with 
increasing HClO4 concentration from 0.1 to 0.5 M, and then plateaus for 
further concentrations to 2.0 M (Fig. 3a and Supplementary Table 7).  
This behaviour suggests that the reaction is probably limited by mass 
transport of ethane or O2 at HClO4 concentrations higher than 0.5 M. 
Replacing 1.0 M HClO4 with 1.0 M NaClO4 leads to only trace amounts of 
products, highlighting the role of proton in the activation (Supplemen-
tary Fig. 14 and Supplementary Table 2). Perchlorate is unlikely to act 
as an oxidant, since replacing HClO4 with H2SO4 results in comparable 
reaction rates and product distributions (Supplementary Fig. 14 and 
Supplementary Table 2). Weaker acid solutions, including 1.0 M H3PO4 
and 1.0 M H2C2O4, were also tested for ethane activation (Supplemen-
tary Fig. 14 and Supplementary Table 2). For H3PO4, ethylene and acetic 
acid were produced but less than those produced in HClO4. This could 
be due to the formation of insoluble Cu3(PO4)2 on Cu surface in H3PO4, 
which could block the Cu surface. As for oxalic acid, no product but 
substantial amount of CO2 was observed. This is probably due to the 
oxidation of oxalic acid is favoured over ethane in our system.

The loading of Cu powder also influences the reaction perfor-
mance (Fig. 3b and Supplementary Table 8). As the loading of Cu pow-
der is doubled from 5 to 10 mg ml−1, the apparent ethane conversion rate 
doubles, while further increasing this loading to 40 mg ml−1 results in 

only negligible changes, indicating that the reaction becomes limited 
by mass transport of the reactants. The total production rates nor-
malized by the Cu mass are nearly identical at Cu powder loadings of 
5 mg ml−1 and 10 mg ml−1 with the highest combined production rate of 
ethylene and acetic acid of 2.27 mmol gCu

−1 h−1 achieved at 10 mg ml−1, 
but decreases at higher loadings, suggesting that mass transport of 
reactants to the Cu surface increasingly becomes a limiting factor in 
our current reaction configuration with O2 mole fraction of 0.2. As 
expected, higher stirring rates increase the rate of ethane activation 
(Supplementary Fig. 15 and Supplementary Table 9).

Cu dissolves in the O2-containing acid solution. At O2 mole frac-
tion of 0.2, the loading of Cu powder decreases from 20 mg ml−1 to 
approximately 8 mg ml−1 in 1 h ethane activation reaction. The dissolu-
tion rate of Cu is 1.8 mmol h−1 under this condition, approximately 7.5 
times higher than ethane activation rate (Supplementary Table 10). 
While the higher O2 mole fraction promotes the ethane activation rate 
(Fig. 1a and Supplementary Fig. 6), it also expedites the Cu dissolution 
(Supplementary Fig. 16a), resulting in the time-dependent reaction rate 
reducing more rapidly within 1 h reaction (Supplementary Fig. 16b).  
The dissolved Cu can be recycled from the post-reaction solution using 
electrolysis and reused as the catalyst in practical applications. As a 
proof-of-concept demonstration, we performed three consecutive 
ethane activation experiments in which the latter two used the recycled 
Cu electrolysed from the solution of the preceding experiment as the 
catalyst (for experimental details, see Methods). As the results show 
in Supplementary Fig. 17, the recycled Cu exhibited similar reactivity 
in ethane activation as the fresh Cu, and the Cu recycling efficiency 
is higher than 95% for each recycle process. We note that Cu2+ salts 
were reported to catalyse alkane oxidation in the presence of O2 and 
aldehydes to produce corresponding alcohols and ketones in dichlo-
romethane under mild conditions13,14. In this system, 0.5 M aldehydes 
react with O2 in the presence of 5 mM Cu2+ salts, producing peracids that 
subsequently react with Cu2+ salts to afford active oxygen-containing 
copper species capable of breaking the C–H bonds in the alkanes. 
Although trace amount of acetaldehyde is detected as a minor product 
in our system, the concentration of produced acetaldehyde is too low to 
contribute to ethane activation even if acetaldehyde could serve as the 
catalyst in a similar manner. To examine the possible role of Cu2+ from 
Cu dissolution in our system, we performed control experiments with 
Cu2+ solution as the reaction medium without Cu powder, confirming 
that aqueous Cu2+ was not responsible for ethane activation (Supple-
mentary Fig. 7 and Supplementary Table 2). The 18O-labelling results 
also suggest that O2 is not the oxygen source for produced oxygenates, 
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Fig. 2 | Isotopic labelling investigation of ethane activation. a–c, Isotopologue 
distributions of produced ethylene (a) and acetic acid (b) using 13C2H6 or 12C2H6 in 
the gas feed, and acetic acid using 18O2 or 16O2 in the gas feed (c). A tiny amount of 
12C acetic acid (1.6% of total products detected) was observed with 13C2H6 gas feed, 

which is probably due to 12C contaminations in the 13C2H6 cylinder. The stirring 
rate was 1,500 r.p.m. Total pressure in the reactor was 1 atm consisting of C2H6 
and O2.

http://www.nature.com/natcatal


Nature Catalysis | Volume 6 | August 2023 | 666–675 669

Article https://doi.org/10.1038/s41929-023-00990-9

which differs from the aldehyde-catalysed mechanism where oxygen 
atoms from O2 are incorporated into the final products (Fig. 2c)13,14.

In situ SERS
We identified adsorbed alkyl groups with in situ SERS during alkane 
activation conditions (for experimental details, see Methods). Cu pow-
der readily exhibit surface enhancement of Raman signals, alleviating 
the need to roughen the surface or the introduction of SERS-inducing 
particles15. A peak at 933 cm−1 was observed in all experiments which 
we attribute to the symmetrical stretching mode of perchlorate ion 
(νs(ClO4

−) (Fig. 4a)16. For ethane activation, we observed a strong peak 
at 624 cm−1 accompanied by weak peaks at 963 and 1,049 cm−1 (Fig. 4a) 
and intense peaks at 2,861, 2,922 and 2,959 cm−1 (Fig. 4b). The absence 
of these bands in a pure ethane or pure O2 feed indicates that they are 
not correlated to surface-adsorbed ethane, surface oxygen or bare 
Cu oxide species generated from the reaction between Cu and O2  
(Supplementary Fig. 18)17,18, while the rapid appearance of the Raman 

bands upon introduction of alkane and O2 indicates that the corre-
sponding species are related to alkane activation. Replacing H2O with 
D2O does not impact the position of these peaks, suggesting that the 
corresponding species do not contain any exchangeable H(D) (Sup-
plementary Fig. 19). We attribute the peaks at 963, 1,049 cm−1 to the 
C–C bond stretching mode (ν(C–C)) and the methyl group rocking 
mode (ρ(CH3)), respectively19–21, while we assign bands at 2,861, 2,922 
and 2,959 cm−1 to the C–H bond stretching modes (ν(C–H))20–22.

To probe the nature of the band centred at 624 cm−1, we conducted 
control experiments using ethanol and iodoethane (Supplementary 
Fig. 20). No Raman features appear in the ethanol-containing (50 mM) 
HClO4 (1.0 M) except for those of perchlorate, suggesting the observed 
bands are not associated with molecular or dissociative adsorption of 
ethanol (Supplementary Fig. 20a)23. Iodoethane is known to dissociate 
and form ethyl groups21,24. The Raman spectrum with 50 mM iodoethane 
exhibits bands at 625, 962 and 1,048 cm−1 similar to the spectrum under 
ethane activation conditions (Fig. 4a and Supplementary Fig. 20b).  
Replacing C2H5I with C2D5I leads to a redshift of 625 to 577 cm−1, sug-
gesting it is correlated with a H(D)-containing species (Supplementary  
Fig. 21a). No Cu–C stretch modes (typically associated with alkyl-bound 
Cu metals) were observed22,25,26. These spectral observations together 
suggest that the peak at 624 cm−1 can be assigned to the CuOx–C2H5 
species since the Cu surface is expected to be oxidized under such 
oxidative conditions. We note that Cu oxide is thermodynamically 
unstable in acidic solutions, and thus the oxide-associated Raman 
bands disappear when 1.0 M HClO4 is introduced to the Cu catalysts 
under Ar atmosphere (Supplementary Fig. 4). It is likely that, when 
alkanes are present in the reaction system and form hydrophobic 
surface alkyl groups from the C–H bond cleavage, the approach of 
solvated protons to the catalyst surface is hindered. This would retard 
the dissolution of surface Cu oxide that can be observed in SERS. This 
is consistent with the observation that the Cu dissolution is partially 
suppressed at the presence of alkane in the O2-containing 1.0 M HClO4 
(Supplementary Table 10).

Similarly, the corresponding Raman features for alkyl groups 
were identified in propane and methane with the aid of alkyl iodides, 
alcohols and deuterated compounds. With the exception of νs(ClO4

−) at 
933 cm−1, the Raman peaks in propane and methane activation appear 
only when alkane and O2 are delivered simultaneously, similar to the 
case of ethane activation (Fig. 4a,b and Supplementary Fig. 18). The 
spectrum of propane activation exhibits identical bands as that with 
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1-iodopropane rather than 2-iodopropane, suggesting that the primary 
C–H bonds of propane are activated first (Fig. 4a and Supplementary 
Fig. 20b). We assign: the peaks at 615, 684 cm−1 to the CuOx–n–C3H7 spe-
cies, the peaks at 777 and 1,088 cm−1 to the rocking mode of CH2 (ρ(CH2)) 
and CH3 (ρ(CH2)) groups27, and the peaks at 1,000 and 1,023 cm−1 to the 
symmetric (νs(C–C)) and asymmetric (νa(C–C)) stretching mode of C–C 
bonds, respectively25.

The spectrum of methane activation is nearly identical with that of 
the control experiment using iodomethane (Fig. 4a and Supplementary 
Fig. 20b). The peak at 671 cm−1 exhibits a redshift to 640 cm−1 when 
replacing CH3I with CD3I (Supplementary Fig. 21b), which we assign 
to the CuOx–CH3 species. In control experiments using alcohols of 
1-propanol, 2-propanol and methanol, only νs(ClO4

−) at 933 cm−1 can be 
observed, dismissing the possibility that the observed bands are due 
to adsorbed alcohols or alkoxides (Supplementary Fig. 20a).

To gain insights into the reaction pathway after the initial C–H bond 
cleavage, we used ethylene, ethanol and acetic acid as the substrate, 
rather than ethane, in 1.0 M HClO4 with Cu powder loading of 20 mg ml−1 
and O2 mole fraction of 0.2 (for experimental details, see Methods). No 
ethylene conversion was observed suggesting that ethylene was not an 
intermediate en route to oxygenates or CO2 in ethane activation (Sup-
plementary Fig. 22 and Supplementary Table 2). With 10 mM ethanol, 
we detected acetaldehyde and acetic acid with reaction rates of 0.005 
and 0.97 mmol gCu

−1 h−1, respectively (Supplementary Table 2). The 
similar distribution of these products to those of ethane activation 
indicates that ethanol is a key reaction intermediate towards these 
products in a sequential oxidation pathway. Interestingly, ethylene was 
also observed as a minor product in ethanol oxidation. However, the 
mole ratio of ethylene and acetic acid produced from ethanol oxidation 
(that is, 0.16) was substantially smaller than that from ethane activation 
(that is, 1.8), suggesting that ethanol is not likely to be an intermediate 
for the major ethylene production in ethane activation. We then con-
ducted additional control experiments of ethanol oxidation with 18O2. 
No 18O-labelled acetaldehyde or acetic acid was observed, which is con-
sistent with the results of ethane activation (Supplementary Fig. 23).  
The primary product in acetic acid oxidation is CO2, which is also 
observed in ethanol oxidation but with a much lower rate than in acetic 
acid oxidation under otherwise identical conditions (Supplementary 

Table 2). Therefore, CO2 from ethane activation probably originates 
from oxidation of the produced acetic acid. We note that the selectivity 
towards CO2 in ethane activation is relatively low (<4%) in all reaction 
conditions evaluated. The total reaction rate of ethane activation is 
also higher than that of ethanol and acetic acid oxidation. This could 
be because the C–H bond cleavage occurs via an electrophilic oxidation 
by the surface Cu(I) induced by O2 in our system. Similar mechanisms 
were reported in previous literatures on Pd, Hg and Rh ions9,28–30. In 
electrophilic oxidation, the C–H bond with higher electron density is 
easier to be cleaved. The C–H bond within ethane has a higher electron 
density compared with other substrates including ethanol and acetic 
acid due to their oxygen-containing electron-withdrawing groups, and 
thus the oxidation of ethane can be more facile than ethanol or acetic 
acid. Decarboxylation is another possible pathway for acetic acid 
oxidation to CO2. However, the products formed for both ethane and 
propane activation suggest that decarboxylation is not favoured in this 
system, so the underlying mechanism requires further investigations.

Computational investigations on reaction mechanism
DFT and molecular dynamics (MD) simulations were carried out to 
further investigate the possible mechanisms of alkane activation in 
this system (atomic coordinates of optimized computational models 
can be found in Supplementary Data 1 and 2). Our ReaxFF MD simula-
tions suggested that a thin Cu oxide layer would form on Cu surface in 
contact with gaseous O2 (Supplementary Fig. 24), which is consistent 
with previous scanning tunnelling microscopy and electron energy 
loss spectroscopy studies that also reveal the existence of a Cu2O 
oxide layer31,32. Cu2O with two or more atomic layers is known to exhibit 
bulk properties33. Thus, we chose Cu2O as the model surface for DFT 
calculations (Fig. 5a). Figure 5b shows the energy diagram for ethane 
activation to produce ethylene and ethanol. The first step for all pos-
sible pathways is initial C–H bond cleavage to produce a Cu-bound 
ethyl group and a hydroxyl group (scheme of structures shown in 
Supplementary Fig. 25). This step is spontaneous with a free energy 
barrier of only 0.20 eV, easily surmounted under ambient conditions. 
Moreover, free energy barriers for the initial C–H bond cleavage for 
methane and propane are only 0.20 eV and 0.23 eV, respectively. This 
is consistent with our spectroscopic results that the first C–H bond 
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activation in alkane is facile and forms stable adsorbed alkyl groups 
on the surface. In contrast, the reaction free energy barrier for ethane 
activation on metallic Cu is calculated to be as high as 1.32 eV, sug-
gesting that metallic Cu is unlikely to be the reaction centre. Under 
neutral conditions, further C–H bond cleavage or C–O bond forma-
tion of the formed ethyl group leading to production of ethylene 
or ethanol is kinetically prohibited due to their considerably large 
free energy barriers of at least 1.05 eV (Fig. 5b and Supplementary 
Fig. 26). However, the presence of protons under acidic conditions 
can react with the surface hydroxyl group to form water and a posi-
tively charged surface with an oxygen vacancy, which can be quickly 
replenished with molecular oxygen (Fig. 5b). The further C–H bond 
cleavage or C–O bond formation on this positively charged surface is 
kinetically favoured with barriers of 0.46 eV and 0.81 eV, respectively 
(Fig. 5b and Supplementary Fig. 27). This is attributed to these two 
reactions involving a net electron transfer from the ethyl group to 
the surface (1.27 e and 0.93 e for every ethyl group reacted to form 
ethylene or ethanol, respectively, according to Bader charge analy-
sis). Thus, the driving forces for these steps are larger on a positively 
charged surface than their counterparts at neutral conditions. The 
resulting protonated surface can then react with the acidic solvent 
to hydrate and then dissolve the Cu ions, exposing fresh Cu to react 
with O2 to form Cu2O surface for ethane activation. The reaction 
mechanism revealed by DFT calculations is in good agreement with 
our experimental results that ethylene and ethanol are not produced 
sequentially. In particular, ethanol is produced by the nucleophilic 
attack of ethoxy group by water, during which the oxygen atom of 
water forms a C–O bond with the ethyl group. This is consistent with 
the observation in isotopic labelling experiments that water, rather 
than gaseous O2 is the oxygen source for the oxygenates produced 
from ethane activation. The DFT calculations also suggest that the 
protons can promote ethane activation effectively by coupling with 
the facile Cu dissolution reaction. This is consistent with our observa-
tion that the Cu dissolution is partially suppressed in the presence of 
ethane in the O2-containing 1.0 M HClO4 (Supplementary Table 10). 
The reduction in Cu dissolution rate when changing the feed from 
Ar/O2 to ethane/O2 (with the same mole ratio of 8:2) is comparable 
to the rate of ethane activation.

We also conducted control experiments using CuO (25 mg ml−1) or 
Cu2O (22.5 mg ml−1) as the catalyst for ethane activation with or without 
O2 feed. The mass loadings were chosen to keep the same concentra-
tion of Cu element (20 mg ml−1) as in ethane activation using metallic 
Cu powder. As the results show in Supplementary Fig. 28, for CuO, only 
trace amounts of products could be detected regardless the presence 
of O2 or not, indicating that CuO is inactive for ethane activation. For 
Cu2O, while very limited products were detected in the absence of 
O2, a production rate of ~32% of that in experiment using metallic Cu 
was observed at the presence of O2 with major product of acetic acid. 
Detailed data are provided in Supplementary Table 2. These results 
demonstrate the critical role of O2 in replenishing the oxygen vacancy 
for activating ethane on Cu2O, as suggested by our DFT calculated 
reaction mechanism.

Conclusions
Our experimental and computational results demonstrate a reaction 
system capable of converting light alkanes to the corresponding oxy-
genates and olefins under room temperature and ambient pressure 
using commercial polycrystalline Cu powder as the catalyst and gaseous 
O2 as the oxidant. By employing isotopic labelling experiments, in situ 
SERS and DFT calculations, we proposed a possible reaction mechanism 
with adsorbed alkyl groups as the reaction intermediates. Our system 
paves the way for selective C–H bond activation, offering opportuni-
ties for functionalizing light alkanes as well as other relatively inert 
but important organic compounds such as cyclohexane and octane, 
under mild conditions.

Methods
Light alkane activation
All light alkane activations were carried out in a homemade glass cell 
(Supplementary Fig. 29). De-ionized water in all experiments was from 
a Millipore system (18.2 MΩ cm). Copper powder (Sigma-Aldrich, 
dendritic, <45 μm, 99.7% trace metals basis) were firstly rinsed in 0.1 M 
HClO4 (Aladdin, 70% HClO4, 99.999% metals basis) for at least 15 min 
to remove native oxides before reactions. Then the suspension was 
allowed to settle for 5 min and the clear supernatant solution was 
discarded. Fresh 1.0 M HClO4 was then added into the cell. The mix-
ture of O2 (Air Liquide, 99.999%) and one alkane (that is, ethane (Air 
Liquide, 99.9%), propane (Air Liquide, 99.9%) or methane (Air Liquide, 
99.999%)) was directly delivered into the cell through a gas dispersion 
frit at a total flow rate of 9 standard cubic centimetres per minute. The 
flow rates of two reactant gases were controlled by mass flow control-
lers (MKS Instruments) and calibrated by an ADM flow meter (Agilent 
Technologies). We note that the crystal structure and morphology of 
post-reaction Cu powder remain unchanged (Supplementary Figs. 1 
and 2). The ex situ XPS data show that the post-reaction Cu powder 
surface is mostly metallic with small amounts of surface oxides (Sup-
plementary Fig. 3).

For control experiments with the absence of ethane or O2, 80% Ar 
(Air Liquide, 99.999%) + 20% O2 or 80% C2H6 + 20% Ar was used as the 
gas feed. For control experiments with H2O2 instead of O2 as the oxidant, 
0.2 M H2O2 (Alfa Aesar, ACS reagent, 29–32% w/w in H2O) and a gas feed 
containing 80% C2H6 + 20% Ar were used. For control experiments with 
Pt and Pd, 20 mg ml−1 Pt (Alfa Aesar, amorphous, APS <3 μm, 99.9% met-
als basis) or Pd powder (Alfa Aesar, spherical, APS 0.5–1.7 μm, 99.95% 
metals basis) was used as the catalyst. For control experiments with 
NaClO4 instead of HClO4, the concentration of NaClO4 (Sigma-Aldrich, 
99.99% trace metals basis) solution was 1.0 M to keep a consistent ClO4

− 
concentration. For control experiments with H2SO4 instead of HClO4, 
the concentration of H2SO4 (Sigma-Aldrich, 95.0–98.0% H2SO4, 99.999% 
trace metals basis) solution was 0.5 M to keep a consistent H+ concentra-
tion. For control experiments with weaker acids as the medium, 1.0 M 
phosphoric acid (Alfa Aesar, ACS reagent, ≥85 wt. % in H2O) and oxalic 
acid dihydrate (Alfa Aesar, ≥98.0%) were used. For control experiments 
using Cu ions instead of Cu powder, an acidic solution composed of 
0.18 M Cu2+ and 1.0 M ClO4

− (that is, 0.18 M Cu(ClO4)2 + 0.64 M HClO4) 
was used. The concentration of Cu2+ was chosen to match the final con-
centration of Cu2+ after ethane activation in 1.0 M HClO4 at 0.2 O2 mole 
fraction with 20 mg ml−1 Cu powder (Supplementary Table 10). The 
0.18 M Cu(ClO4)2 + 0.64 M HClO4 solution was prepared by dissolving 
copper(II) perchlorate hexahydrate (Alfa Aesar, 99.999% metals basis) 
in 0.64 M HClO4. For control experiments with CuO or Cu2O, 25 mg ml−1 
CuO (Macklin, 10 μm, 99.9% metals basis) or 22.5 mg ml−1 Cu2O (Adamas, 
99%) was used to keep the same loading of Cu element (20 mg ml−1) with 
80% C2H6 + 20% O2 or 80% C2H6 + 20% Ar as the gas feed.

For ethanol or acetic acid oxidation, ethanol (Aladdin, >99.9%) or 
acetic acid (Sigma-Aldrich, ≥99.99% trace metals basis) was oxidized 
using 80% Ar + 20% O2. The concentration of ethanol and acetic acid 
in the 1.0 M HClO4 solution was chosen to be 10 mM, similar to total 
concentration of produced oxygenates in ethane activation under 
otherwise identical conditions. The carbon balance of the reaction 
products is close to 100% (Supplementary Fig. 30). The total flow 
rate of the gas feed in all control experiments was 9 standard cubic 
centimetres per minute.

For Cu recycling experiments, a homemade glass electrochemi-
cal cell was used for the electrochemical deposition of Cu2+ ions with 
a copper foil (Alfa Aesar, 0.1 mm thick, 99.9999% metal basis) as the 
working electrode and a platinum wire as the counter electrode. 
The solution from the preceding ethane activation experiments 
(20 mg ml−1 Cu in 1.0 M HClO4 with 80% C2H6 + 20% O2) was used as 
the electrolyte. The electrochemical deposition was conducted at a 
constant current density of 200 mA cm−2 for 80 min using a Gamry 
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Reference 600+ potentiostat. The efficiency of Cu recycling was 
calculated on the basis of the remaining Cu2+ concentration. After 
deposition, the deposited Cu powder was scraped from the Cu foil, 
rinsed with Milli-Q water and reused as the catalyst for the following 
ethane activation experiment.

Product quantification
The gas products of alkane activation were quantified every 20 min 
(30 min for propane activation) by using a gas chromatograph (Agilent 
7890B) equipped with a 0.5 m Hayesep Q 80/100 UltiMetal packed col-
umn (G3591-81023, Agilent) and a 2 m ShinCarbon ST 80/100 packed 
column (80486-810901, RESTEK). Ar was used as the carrier gas. The 
flame ionization detector with a methanizer was used to quantify 
CO, CH4, CO2, C2H4, C2H6, C3H6 and C3H8. Flame ionization detector 
response factors for these species were calibrated by analysing a series 
of standard gas mixtures.

The liquid products were quantified by using 1H NMR on a Bruker 
AVIII 600 MHz NMR spectrometer after the reaction. Before NMR 
sampling, Cu2+ ions in the post-reaction solutions were removed via 
electrolysis to avoid their interference on NMR signals due to their 
paramagnetism34. The NMR sample was then prepared by mixing 
500 μl of the processed solution with 100 μl of D2O (Sigma-Aldrich, 
99.9 atom % D) and 50 μM dimethyl sulfoxide (Alfa Aesar, ≥99.9%) 
as the internal standard. The concentration of dimethyl sulfoxide 
was calibrated using an acetate anion standard solution (Aladdin, 
0.1 mg ml−1). The 1H spectrum was measured with water suppres-
sion by using the excitation sculpting method. To identify products 
formed in alkane activations, NMR spectra of authentic samples of 
possible products were recorded for comparison (Supplementary 
Table 11).

The total production rate (rs) of the activation of one alkane s and 
the selectivity of product i (Si) were based on carbon atoms and were 
calculated as follows:

rs =
1
νs
∑
i
riνi (1)

Si =
riνi
rsνs

(2)

where ri is the production rate of product i, νi is the number of carbon 
atoms in the product i molecule, and νs is the number of carbon atoms 
in the substrate (that is, ethane, propane or methane).

To quantify the Cu2+ concentration, 200 μl reaction solution was 
taken out every 10 min from the alkane activation system, diluted to 
3 ml using Milli-Q water, and was analysed using ultraviolet–visible 
spectroscopy (Cary 4000 UV–Vis spectrophotometer). The working 
curve was generated by analysing a series standard Cu2+ sample solu-
tions. In addition, Cu2+ concentration measured at the conclusion of the 
reaction was further verified by weighing the mass loss of Cu powder 
with a high-precision balance (Mettler Toledo XS105 DualRange) within 
a difference of less than 3%.

Isotopic labelling study
In 13C2H6 activation experiments, 80% 13C2H6 (Sigma-Aldrich, 99 atom 
% 13C) + 20% O2 was used as the gas feed with 20 mg ml−1 Cu powder in 
1.0 M HClO4. The gas products of 13C-labelled ethane activation were 
quantified every 20 min using a home-built GC (Agilent 7890B)–MS 
(Hiden HPR-40) system. The liquid-phase products were analysed in 
the same way as in 12C2H6 activation. In ethane activation experiments 
with 18O2, 80% C2H6 + 20% 18O2 (Sigma-Aldrich, 97 atom % 18O) was used 
as the gas feed with 20 mg ml−1 Cu powder in 1.0 M HClO4. As the major 
gas phase product (that is, ethylene) does not contain oxygen atoms, 
only liquid products were analysed using the GC–MS QP 2020 ultra 
system (Shimadzu).

Physical characterizations
SEM images were recorded using a TESCAN VEGA 3 SEM. The accelerat-
ing voltage was 10 kV. Powder X-ray diffraction patterns were obtained 
using a Rigaku MiniFlex 600 with Cu Kα radiation. The Brunauer–
Emmett–Teller surface area was measured at −195.8 °C using a Quan-
tachrome Autosorb iQ Station 2. The sample was degassed for 2 h at 
300 °C before the measurements. XPS measurements were carried 
out using a PHI Quantera II with Al Kα radiation. The resulting spectra 
were analysed using the CasaXPS software package (Casa Software), 
and peaks were fit using a Gaussian/Lorentzian GL(90) product line 
shape with the Shirley-type background. The binding energy scale was 
calibrated by comparing the position of the primary photoelectron 
peaks in Cu to values in literature35–37.

In situ SERS
The Raman spectra were recorded using a LabRAM HR Evolution 
microscope (Horiba Jobin Yvon) equipped with 633 nm laser, a ×50 
objective (numerical aperture 0.55), and a charge-coupled device 
detector. Raman frequencies were calibrated using a Si wafer and 
ClO4

− solution spectra. The filter was set to be 50% to keep a low laser 
intensity to avoid any irradiation-induced modifications of the Cu 
surface. Each Raman spectrum was acquired over a collection time of 
60 s and acquisition number of 2. The Raman spectrum was recorded 
every 2 min and the recording process lasts for at least 1 h, ensur-
ing the spectra would not change with time. Raman spectra were 
baseline-corrected if necessary.

A Raman cell with a quartz window was used for all in situ SERS 
measurements as described in our previous works38,39. Cu powder was 
pressed into a monolithic piece using a hydraulic press at 10 MPa to fit in 
the Raman cell. The Cu piece was immersed into fresh aqua regia (HCl, 
ACS reagent, 37%; HNO3, Alfa Aesar, ~65–70%, 99.999% metals basis) 
solution for 10 s to remove surface contaminations and then rinsed 
thoroughly in de-ionized water before experiments.

For collecting Raman spectra of Cu powder under various gase-
ous atmosphere, 1.0 M HClO4 solution was saturated with pure Ar, O2, 
alkanes or their mixtures and delivered into the Raman cell using a 
peristaltic pump. The solution was cycled and purged continuously 
with corresponding feeding gas when collecting the spectra.

For collecting Raman spectra of Cu powder with alcohols or 
iodoalkanes, 50 mM methanol (Sigma-Aldrich, 99.9%), ethanol, 
1-propanol (Aladdin, 99.0%), 2-propanol (Sigma-Aldrich, 99.999% 
trace metals basis), iodomethane (Alfa Aesar, 99.5%, stabilized 
with copper), iodoethane (Alfa Aesar, 98+%, stabilized with cop-
per), 1-iodopropane (Alfa Aesar, 98+%, stabilized with copper) or 
2-iodopropane (Alfa Aesar, 98+%, stabilized with copper) was added 
into 1.0 M HClO4. For collecting Raman spectra of Cu powder with 
deuterated iodoalkanes, iodoethane-d5 (Sigma-Aldrich, 99.5 atom 
% D, stabilized with copper) and iodomethane-d3 (Aladdin, 99 atom 
% D) were used.

Computational details
To simulate the surface of Cu2O(111) using DFT, we used a slab (3 × 3) 
consisting of three layers of Cu2O(111) with the bottom layer fixed in 
its bulk position. The interaction between atomic cores and valence 
electrons was calculated using the projector augmented wave method 
as implemented in Vienna Ab initio Simulation Package (VASP)40–43. The 
exchange–correlation interaction was treated with the Perdew–Burke–
Ernzerhof functional44. The plane-wave cut-off was set to 400 eV. The 
semi-empirical D3 approach as implemented in spin-polarized VASP 
was employed to describe London dispersion interactions. A Monk-
horst–Pack k-point mesh of 4 × 4 × 1 was chosen to sample the recipro-
cal space45. A vacuum of 50 Å was introduced to the supercell to avoid 
interactions between successive slabs due to the periodic boundary 
conditions. Each calculation is considered as converged if the electronic 
energy between two self-consistency steps is smaller than 10−4 eV.
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To simulate the charged surface interacting with the solvent, 
we applied the approach proposed by Head-Gordon et al. and  
Goddard et al.46–48. In this approach, the linear Poisson–Boltzmann 
implicit solvation model with a Debye screening length of 3.0 Å was 
used to neutralize the non-zero charge in the simulation cell and to 
simulate water and electrolyte, allowing for a more realistic description 
of the electrical double layer.

The free energies of the slab systems were calculated as follows:

G = E solv
elec + ZPVE + Hvib − TSvib (3)

where E solv
elec  is the electronic energy of the system calculated from VASP. 

All degrees of freedom of the adsorbates were treated as vibrational 
and neglect the contribution of vibrations of the slab. The vibrational 
frequencies (ν) were evaluated by calculating the partial Hessian matrix 
through the finite difference method. Unusually low vibrational modes 
(<50 cm−1) were corrected to 50 cm−1 to avoid unphysically large entropy 
contributions. Based on the calculated vibrational frequencies, the 
zero-point vibrational energy (ZPVE), vibrational contributions to the 
internal energy (Hvib) and entropy (Svib) at 298 K (T) were calculated  
as follows:

ZPVE = ∑
ν

hν
2 (4)

Hvib = ∑
ν

hν
ehν/kBT − 1

(5)

Svib = kB∑
ν
[ hν
kBT(ehν/kBT − 1) − ln(1 − e−hν/kBT)] (6)

The free energies of the molecules were determined as follows:

G = E solv
elec + ZPVE + (n2 + 1) kBT + Hvib − T(Svib + Strans + Srot) (7)

where n is 6 for nonlinear molecules and 5 for linear molecules. ZPVE 
was calculated as shown above. Hvib, Svib, Strans (translational compo-
nent of entropy), and Srot (rotational component of entropy) were 
obtained from Jaguar using the Perdew–Burke–Ernzerhof/6-31G* basis 
set. The free energy of H+ was estimated from the pKa of H3O+ and the 
calculated free energies of H3O+ and H2O using the solvation model. A 
detailed description of this approach has been provided in our previ-
ous works49–51.

The transition state for each reaction was first approached using 
the nudged elastic band method52,53. The plane-wave cut-off, smearing 
parameter, functional and calculator parameters were the same as 
those used in slab geometry optimizations. Structures obtained from 
nudged elastic band were employed to generate the input structure and 
orientation for the dimer calculation54. The force of the dimer calcula-
tion was converged to <0.1 eV Å−1 to accurately locate the saddle point, 
that is, the transition state, which were further verified with vibrational 
frequency analysis. When the calculated free energy barrier is smaller 
than the corresponding reaction free energy or zero, the reaction free 
energy is chosen as the free energy barrier.

MD simulations were performed using LAMMPS with ReaxFF force 
field55,56. The reactions of Cu(111) with O2 were modelled using five lay-
ers of 4 × 4 Cu(111) with five O2 molecules on each side of the vacuum. 
We used the Nosé–Hoover thermostat and barostat with a damping 
parameter of 6.25 fs and 125 fs to control the temperature and pressure, 
respectively. A time step of 0.25 fs was chosen for all MD simulations. 
We simulated the heating–cooling process using setup as follow: The 
system was first equilibrated at 300 K for 2.5 ps, followed by increasing 
the temperature to 500 K in 2.5 ps and then equilibrated at 500 K for 

2.5 ps. The system was then heated to 800 K in 2.5 ps and equilibrated 
for another 2.5 ps. Next, the temperature of O2 was increased to 1,100 K, 
while the temperature of Cu was maintained at 800 K to prevent melt-
ing. This multi-temperature system was equilibrated for 50 ps. For the 
cooling process, the temperature of the whole system was decreased to 
800 K for 2.5 ps. The temperature was further decreased to 500 K for 
2.5 ps and then 300 K for 2.5 ps. After the heating–cooling process, a 
canonical (NVT) ensemble simulation at 10 K was performed for 2.5 ps.

Data availability
The data supporting the findings of this study are available within the 
paper and its supplementary information files. All data are available 
from the corresponding authors upon reasonable request. Source data 
are provided with this paper.
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