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Structural evolution and strain generation
of derived-Cu catalysts during CO2
electroreduction

QiongLei 1, LiangHuang2,3, JunYin 1,4 , BambarDavaasuren5, YouyouYuan5,
XinglongDong 1,6, Zhi-PengWu1,XiaoqianWang1, KeXinYao 7,XuLu 2,3 &
Yu Han 1,6

Copper (Cu)-based catalysts generally exhibit high C2+ selectivity during the
electrochemical CO2 reduction reaction (CO2RR). However, the origin of this
selectivity and the influence of catalyst precursors on it are not fully under-
stood. We combine operando X-ray diffraction and operando Raman spectro-
scopy to monitor the structural and compositional evolution of three Cu
precursors during the CO2RR. The results indicate that despite different
kinetics, all three precursors are completely reduced to Cu(0) with similar
grain sizes (~11 nm), and that oxidized Cu species are not involved in the
CO2RR. Furthermore, Cu(OH)2- and Cu2(OH)2CO3-derived Cu exhibit con-
siderable tensile strain (0.43%~0.55%), whereas CuO-derived Cu does not.
Theoretical calculations suggest that the tensile strain in Cu lattice is con-
ducive to promoting CO2RR, which is consistent with experimental observa-
tions. The high CO2RR performance of some derived Cu catalysts is attributed
to the combined effect of the small grain size and lattice strain, both origi-
nating from the in situ electroreduction of precursors. These findings establish
correlations between Cu precursors, lattice strains, and catalytic behaviors,
demonstrating the unique ability of operando characterization in studying
electrochemical processes.

Electrocatalytic CO2 reduction reaction (CO2RR) provides a versatile
means of storing energy in chemical bonds while closing the anthro-
pogenic carbon cycle1. Although significant progress has been made in
the generation of single-carbon (C1) products (e.g., carbon monoxide,
formate, methane, and methanol), in which a product selectivity of
above80%andan industrial-level current density havebeen achieved2–5,
the production of valuable multicarbon (C2+) products (e.g., ethylene,
ethanol, and n-propanol) using CO2RR has remained a challenge6.

To date, Cu-based catalysts are the main force for the production
of C2+ products, owing to the *CO adsorption energy on Cu that favors
the C–C coupling. Derived Cu catalysts, formed from the in situ reac-
tions of oxides, hydroxides, or other oxidized Cu precursors under the
reducing potentials of CO2RR, have attracted significant attention
because they typically exhibit high selectivities towardC2+ products

7–9.
Although the Pourbaix diagram of Cu indicates that oxidized Cu pre-
cursors should be readily reduced to Cu(0) at negative potentials10,
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some experimental and theoretical studies have stated that Cu+ spe-
cies ormixedoxidation states of Cu (e.g., Cu2+, Cu+, andCu) arepresent
in oxide- or hydroxide-derived Cu electrodes and are responsible for
their high C2+ selectivity8,11–16. For example, Nilsson et al. combined
spectroscopy and microscopy techniques to unravel the presence of
residual oxygen in oxide-derived Cu electrocatalysts under CO2RR
conditions17–19. In contrast, many other studies have demonstrated the
full reduction of oxidized Cu precursors to Cu(0) and attributed the
enhanced C2+ selectivity to structural and morphological effects20,21,
specific crystal facet exposure7,22, or grain boundary and low-
coordinated sites23,24. These inconsistent conclusions indicate that
identifying the active species of derived Cu catalysts and the origin of
their high C2+ selectivity remains controversial.

Lattice strain can modulate the activity and selectivity of electro-
catalysts by breaking the linear scaling relationship25. Using density
functional theory (DFT), Mavrikakis et al. first correlated metal lattice
strain, d-band center shift, and adsorption energy to explain catalytic
behaviors26. Various approacheshavebeenemployed to induce strain in
Cu catalysts, including the formation of bimetallic nanoparticles27,28,
epitaxial growth of thin films29,30, and crystalmorphology engineering31.
However, few studies have investigated strain effects in derived Cu
catalysts for CO2RR. Li et al. observedmicrostrains in oxide-derived Cu,
but they did not correlate them with CO2RR activity or selectivity32.
Moreover, the influence of precursor materials on the catalytic perfor-
mance of derived Cu catalysts has not been investigated. A better
understanding of these aspects would facilitate the rational design of
catalysts to achieve higher C2+ product selectivity.

Owing to the high sensitivity of Cu species to O2 and their
immediate re-oxidation when the reducing potential is lifted33, oper-
ando characterizations are essential for probing the active species and
dynamic evolution of Cu-based catalysts during CO2RR

34. Particularly,
some operando techniques, such as Raman spectroscopy, can detect
the intermediates and products of CO2RR in real time, which has sig-
nificantly facilitated the investigation of the reaction mechanism and
catalyst optimization35,36. However, using operando characterization
techniques that are relying on high energy beamlines (e.g., X-ray dif-
fraction (XRD) and X-ray absorption spectroscopy) has been restricted
by the limited access to synchrotron radiation facilities. The feasibility
of using in-house laboratory XRD for an operando investigation of
CO2RR has not been fully explored.

In this study, we investigate the structural and compositional
evolution of three Cu-based catalysts derived from Cu2(OH)2CO3,
Cu(OH)2 and CuO during CO2RR with an operando XRD platform that
uses a laboratory-scale X-ray to analyze the phase transformation of
the catalyst crystals (Fig. 1a) and operando Raman spectroscopy to
detect the surface species (Fig. 1b). It is revealed that the threeoxidized

Cu precursors are all completely reduced to Cu(0) when delivering
their maximum Faradaic efficiencies (FE) for C2+ products (FEC2þ

),
whereas CuO shows faster electroreduction kinetics than
Cu2(OH)2CO3 and Cu(OH)2. The three derived Cu catalysts exhibit
significantly higher FEC2þ

compared to bulk Cu, which is attributed to
their small grain sizes (~11 nm).Operando XRDdiscovers that Cu(OH)2-
and Cu2(OH)2CO3-derived Cu exhibit obvious tensile strains, while
CuO-derived Cu is almost strain-free. This finding offers a method to
induce lattice strain in Cu nanocrystals by using the appropriate pre-
cursor and explains the difference in CO2RR activity relative to
hydrogen evolution among the three derived Cu catalysts. Therefore,
lattice strain has been identified as another factor promoting the
CO2RR activity of derived Cu catalysts in addition to grain boundaries
and high-index facets associated with the small grain size. These
important insights cannot be gained by ex situ characterization
because Cu nanocrystals undergo rapid surface oxidation and strain
relaxation once electroreduction conditions are lifted. This study
highlights the importance and necessity of operando characterizations
in probing the evolution of electrocatalysts, and provides a technical
solution for achieving this goal in ordinary laboratories.

Results
Precursor characterization
The XRD characterization revealed that the three synthesized pre-
cursors, Cu2(OH)2CO3, Cu(OH)2, and CuO, are all phase pure (Sup-
plementary Fig. 1a), and their Raman spectra were perfectly matched
with the reported standard spectra (Supplementary Fig. 2a, b)36–39.
Scanning electron microscopy (SEM) revealed that Cu2(OH)2CO3

consisted of agglomerated nano-sized square rods (Supplementary
Fig. 3a), whereas Cu(OH)2 exhibited a flower-like morphology, formed
by the radial stacking of rectangular nanosheet bundles (Supplemen-
tary Fig. 3b). As the CuO sample was synthesized by heating the as-
prepared Cu2(OH)2CO3, it retained the morphology of the parent
material (Supplementary Fig. 3c) but had smaller grains, which could
be attributed to the 60% atomic loss during conversion. The mean
crystallite (grain) sizes of the Cu2(OH)2CO3, Cu(OH)2, and CuO nano-
crystals estimated from theXRDdata using the Scherrer equationwere
24.7 ± 3.5, 19 ± 0.5, and 10 ±0.5 nm, respectively (Supplementary
Table 1).

CO2RR performance
We evaluated the CO2RR performance of the three Cu based catalysts
with anH-type cell by analyzing the gas and liquidproducts at different
applied potentials in CO2-saturated 0.1M KHCO3 aqueous solution in
ambient conditions. The maximum FEC2þ

of Cu2(OH)2CO3-, Cu(OH)2-,
and CuO-derived Cu catalysts were 73.0, 71.9, and 68.6% at −1.05,
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Fig. 1 | Schematic illustration of the operando characterization platforms. a X-ray diffraction (XRD) and b Raman spectroscopy for CO2 reduction reactions (CO2RRs)
with the three investigated oxidized Cu precursors.
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−1.08, and −1.16 VRHE, respectively, substantially higher than the FEC2þ
obtained on electropolished Cu foil (13% at −1.12 VRHE; Fig. 2a). The
main C2+ products of the systems included C2H4, C2H5OH, n-C3H7OH,
C2H5CHO, CH3CHO, and C2H6 (sequenced by decreasing FE, see Sup-
plementary Fig. 4a–c for the detailed product distribution). The three
catalysts exhibited similar C2+ partial current densities (jC2þ

) within the
tested potential window, reaching −20 to −30mA cm−2 at ~−1.2 VRHE. In
contrast, the maximum jC2þ

value obtained on the Cu foil was
−4.1mA cm−2 at ~−1.12 VRHE (Fig. 2b). TheobservedhighC2+ selectivities
and activities of Cu(OH)2- and CuO-derived Cu are consistent with
findings in previous studies7,8,40, whereas this is the first report on the
high selectivity and activity of Cu2(OH)2CO3-derived Cu toward C2+

production during CO2RR.
Theoverall FEs for CO2RR (FECO2RR

) of the three catalysts followed
the order of Cu2(OH)2CO3 ≈ Cu(OH)2 > CuO (Fig. 2c). Specifically,
Cu2(OH)2CO3- and Cu(OH)2-derived Cu exhibited ~75% FECO2RR

at a
relatively low potential of ~−0.83 VRHE, whereas the FECO2RR

of CuOwas
only ~47% at this potential. Correspondingly, the competing hydrogen
evolution reaction (HER) occurred to a significantly higher degree on
CuO-derived Cu than on the other two catalysts over the tested
potential range. The three catalysts exhibited a similar trend: as the
potential became more negative, the FE for hydrogen (FEH2

) first
decreased and then increased. The minimum FEH2

(i.e., the maximum
FECO2RR

) was reached at ~−1.1 VRHE, where the difference in CO2RR
activity (or HER activity) between CuO and the other two catalysts
became less significant but still discernible (Fig. 2c).

Redox behaviors. To further examine the catalyst evolution during
CO2RR, we first investigated the redox behaviors of the three oxidized
Cu precursors by performing Cyclic Voltammetry (CV) in 0.1M KOH
aqueous solution and Linear Sweep Voltammetry (LSV) in Ar-saturated
0.1M of KHCO3 aqueous solution. The results revealed that, in both
KOH and KHCO3 environments, the three samples undergo the same
electroreduction pathway (i.e., complete reduction to Cu via the for-
mation of Cu2O); however, more negative potentials are required for
the electroreduction of Cu2(OH)2CO3 and Cu(OH)2 compared to CuO
(see Supplementary Note and Supplementary Fig. 5 for the detailed
analysis).

OperandoXRD. We then performed time-resolved operando XRD in
a customized flow cell to investigate the structural transitions of the
three oxidized Cu precursors during CO2RR (Supplementary Figs. 6
and 7). When Cu2(OH)2CO3 was at its optimal C2+ production
potential (−1.05 VRHE), its characteristic (20-1) peak at 31.3° gradually
faded during the first 45min of the reaction, while the fingerprint
(111) and (200) peaks of metallic Cu emerged with increasing

intensity after the first 15min (Fig. 3a). No diffraction peaks related
to Cu hydroxides or oxides were detected during the entire process,
suggesting that these species, if present, did not form crystalline
phases. Further analysis of operando XRD data collected at different
potentials revealed the potential-dependent electroreduction
kinetics of Cu2(OH)2CO3: the required reduction time from
Cu2(OH)2CO3 to Cu decreased with an increase in the negativity of
the applied potential (Supplementary Fig. 8a, b). Similar to
Cu2(OH)2CO3, Cu(OH)2 underwent a relatively slow process before
the complete reduction to metallic Cu, during which no crystalline
CuO or Cu2O phase was detected. At its optimal potential for FEC2þ
(−1.08 VRHE), the strongest (130) peak at 39.8° vanished completely
after 60min of CO2RR, even though metallic Cu emerged in the first
15min (Fig. 3b). In contrast, CuO was rapidly and completely con-
verted to metallic Cu within the first 15min of CO2RR (Fig. 3c),
implying faster electroreduction kinetics compared to Cu2(OH)2CO3

and Cu(OH)2. On the other hand, although the grain sizes of the
starting materials were different (Supplementary Table 1), the Cu
derived from the three precursors had similar grain sizes (~11 nm;
estimated from the XRD data; Supplementary Table 1). The smaller
mean grain sizes of the derived Cu relative to those of the parent
materials could be attributed to the combined effect of the volume
shrinkage of the unit-cell and crystal fragmentation7. We therefore
concluded that the three oxidized Cu precursors, despite the dif-
ferences in their chemical components and electroreduction kinet-
ics, were completely reduced to metallic Cu with similarly small
grain sizes while (or before) delivering enhanced C2+ selectivity
under the CO2RR conditions.

Interestingly, Cu nanocrystals derived from Cu2(OH)2CO3 exhib-
ited shifted XRD peaks relative to the Cu foil as a standard sample,
implying the presence of lattice strain. Specifically, at −1.05 VRHE, the
Cu(111) and Cu(200) diffraction peaks were shifted by ~0.25° and
~0.39° to the low-angle direction (Fig. 3d), corresponding to the tensile
strains of 0.55% and 0.72%, respectively (Supplementary Table 2). This
phenomenonwas reproduced inmeasurements at different potentials,
whereas the degree of strain slightly varied with the potential (Sup-
plementary Table 2). Similarly, Cu nanocrystals derived from Cu(OH)2
possessed significant (0.42%−0.47%) tensile strains under CO2RR
conditions, according to the shift in the Cu(111) diffraction peak
(Fig. 3d and Supplementary Table 2). In contrast, Cu derived fromCuO
displayed negligible peak shifts relative to the standard regardless of
the applied potential, although it had a grain size similar to the other
two derived Cu samples (Fig. 3d and Supplementary Table 2). The
operando XRD data were all corrected based on the results of a stan-
dard sample to eliminate liquid-induced peak shift effects (Supple-
mentary Fig. 9).

-0.8 -0.9 -1.0 -1.1 -1.2 -1.3

-30

-20

-10

0

 Cu2(OH)2CO3

 Cu(OH)2

 CuO1

 Cu foil

j C
2+

 (
m c 

A
m

-2
)

Potential (V vs RHE)
-0.8 -0.9 -1.0 -1.1 -1.2 -1.3

0

20

40

60

80

Potential (V vs RHE)

)
%( yc

neici ff
E cia

dara
F

C2+

 Cu2(OH)2CO31

 Cu(OH)2

 CuO1

 Cu foil

-0.8 -0.9 -1.0 -1.1 -1.2

20

40

60

80

Potential (V vs RHE)

)
%( yc

neic iff
E ci a

dara
F

Cu2(OH)2CO3

Cu(OH)2

CuO

FECO2RR

FEH2

a b c

Fig. 2 | Electrocatalytic CO2RR performances. Comparison of a Faradaic effi-
ciency of C2+ products and bC2+ partial current density for Cu2(OH)2CO3, Cu(OH)2,
and CuOnanocrystals and Cu foil. Data are normalized using the geometric surface
area. c Comparison of Faradaic efficiencies for overall CO2RR (FECO2RR
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electrolyte for 1.5 h. Error bars represent the standard deviation of three indepen-
dent measurements.
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Operando Raman spectroscopy. Time-resolved operando Raman
spectroscopywas performed in a customized flow cell to explore the
oxidation state evolution of the catalyst surface during CO2RR
(Supplementary Figs. 10 and 11). When the measurement of
Cu2(OH)2CO3 was conducted at −0.84 VRHE, some areas of the elec-
trode surface gradually changed from the initial turquoise color (the
color of Cu2(OH)2CO3 nanocrystals) to brown after 90min of CO2RR
(Fig. 4a, right panel). Three types of Raman spectra were observed in
different regions of the electrode surface, including the character-
istic spectrum of Cu2(OH)2CO3 from the remaining shiny crystals
and two distinct spectra from the newly formed brown area (Fig. 4a,
left panel). Further analysis revealed that the red-circled region
corresponded to Cu2O, as evidenced by the fingerprint Raman
bands at 149, 528, and 620 cm−136,41. The spectrum acquired from the
blue-circled region revealed three intense bands at 283, 368, and
530 cm−1 and a shoulder band at 498 cm−1. According to recent stu-
dies, the bands at 283 and 368 cm−1 correspond to the frustrated
rotational mode of *CO (P1) and the Cu(0)–CO stretching vibration
(P2), respectively35,41, and the bands at 498 and 530 cm−1 originate
from C-containing adsorbates42–44. Interestingly, once the negative

potential of CO2RR was lifted, these four bands disappeared,
whereas the fingerprint pattern of Cu2O emerged (Supplementary
Fig. 12a), confirming their association with the binding inter-
mediates to the Cu surface. These results taken together indicate
that the catalyst in the blue-circled region was fully reduced
to Cu(0), and the Raman bands at 283, 368, 498 (shoulder), and
530 cm−1 can be regarded as indicators for the formation of Cu(0)
and its participation in the CO2RR process.

Given that the shiny crystals were confirmed to be unreduced
Cu2(OH)2CO3, subsequent analyses were performed on the brown
region of the electrode. At amore negative potential (e.g., −1.05 VRHE

in Fig. 4b, and −1.2 VRHE in Supplementary Fig. 13), the color change
of the electrode surface was faster, and few shiny crystals remained
on the electrode after 30min. Moreover, most acquired Raman
spectra exhibited a similar pattern (283, 368, 498 (shoulder), and
530 cm−1), suggesting the predominance of Cu(0) during CO2RR at
such negative potentials. Slight deviationswithin 280 to 284 and 368
to 388 cm−1 for the Cu(0)–CO signals can be attributed to the
dynamic change in the Cu surface during CO2RR

45. The other two
characteristic Raman bands also shifted within 486 to 500 and 526
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operando XRD experiments. Vertical lines indicate the standard diffraction peak
positions.

Article https://doi.org/10.1038/s41467-022-32601-9

Nature Communications |         (2022) 13:4857 4



to 536 cm−1, presumably due to the variation in the C-containing
species binding to the Cu surface.

Operando Raman measurements indicated that, similar to
Cu2(OH)2CO3, Cu(OH)2 also underwent gradual and uneven electro-
reductionunderCO2RRconditions (Fig. 4c). In contrast, CuOexhibited
a much faster electroreduction rate. The original black electrode sur-
face turned completely brown within the first 5min. The Raman bands
of CuO vanished within 15min, while Cu(0) dominated the electrode
surface (Fig. 4d). These observations are consistent with the bulk
behaviors of the three precursors revealed through operando XRD.

In summary, the operando Raman spectroscopy echoes and
complements the operando XRD analysis. Both methods demonstrate
that the three oxidized Cu precursors (bulk and surface) are fully
reduced to metallic Cu when delivering their maximum FEC2þ

and that
CuO exhibits faster reduction kinetics than the other two. Another
interesting finding is that Raman signals associated with the CO2RR
intermediates and signals of Cu2(OH)2CO3, Cu(OH)2, CuO, or Cu2O do
not appear in the same region simultaneously. Given that XRDcanonly
detect crystalline phases and Raman effect is weak and localized, the
present data cannot completely rule out the possible presence of
metastable, short-lived, amorphous oxidized Cu species in the derived
Cu catalysts16,46.

Discussion
Importance and necessity of Operando characterizations
Operando characterizations provide otherwise unavailable informa-
tion on the inherent states of catalysts and intermediates under reac-
tion conditions and are particularly important for systems involving
susceptible species, such as Cu. In this study, the Raman bands, which
are relevant to the binding of CO2RR intermediates to Cu(0) (i.e., 283,
368, 498 (shoulder), and 530 cm−1), could not be observed through
ex situ measurements due to the inevitable rapid surface oxidation of
Cu (Supplementary Fig. 12a). In other words, without operando Raman
spectroscopy, we would not have been able to determine the lack of
co-occurrenceof CO2RR intermediates and oxidized Cu species, which
is crucial for determining the catalytic active species (ubi infra).

Likewise, significant tensile strains in Cu2(OH)2CO3 and Cu(OH)2-
derived Cu could only be probed using operando XRD. When the
electrodes containing derivedCu nanocrystals were removed from the
electrochemical systems and characterized using conventional
(ex situ) XRD, the Cu(111) and Cu(200) diffraction peaks appeared at
their standard positions without a shift (Supplementary Fig. 12b).
Moreover, a broad peak emerged at ~36.62°, which could be assigned
to Cu2O formed through surface oxidation. We surmise that the sur-
face oxidation of Cu nanocrystals leads to the relaxation of the lattice
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Fig. 4 | The operando Raman spectroscopy characterizations. a Time-resolved
lightmicroscopy (right panel) images of theCu2(OH)2CO3 electrode surface during
the CO2RR process at −0.84VRHE, and the operando Raman spectra (left panel)
acquired from three different areas (circled in different colors) on theCu2(OH)2CO3
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b Cu2(OH)2CO3, (c) Cu(OH)2, and d CuO nanocrystals at their optimum potential
forC2+productionduringCO2RR. The circles indicate the locationsof the laser spot
with a theoretical diameter of 858 nm. Spectra were collected every 15min.
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strain. These results demonstrate the unique ability of operando
characterization to capture the true states of catalysts under reaction
conditions.

In addition, the time-resolved operando characterizations
revealed that the electroreduction kinetics of CuO are faster than
those ofCu2(OH)2CO3 andCu(OH)2.We note that the electroreduction
behaviors of Cu2(OH)2CO3 and Cu(OH)2 under the CO2RR conditions
have not been previously investigated using operando techniques,
while the conclusions of several earlier studies on Cu oxides41,47 are
consistent with the observations of the CuO sample in this work.

Determination of active species in derived Cu catalysts
The operando XRD and operando Raman spectroscopy results collec-
tively suggest that, despite the difference in chemical components and
electroreduction kinetics, the three oxidized Cu precursors were
reduced to metallic Cu while (or before) delivering enhanced C2+

selectivity under CO2RR conditions. For Cu2(OH)2CO3 and Cu(OH)2
with slow electroreduction kinetics, the temporary presence of mixed
Cu oxidation states (Cu2+ from Cu2(OH)2CO3 or Cu(OH)2, Cu

+ from
Cu2O, and metallic Cu) was observed; however, Raman signals related
to CO2RR intermediates (283, 368, 498 (shoulder), and 530 cm−1) were
only observed in regions without Raman fingerprints of Cu2(OH)2CO3,
Cu(OH)2, CuO, or Cu2O. These results rule out the participation of
these oxidized Cu species in CO2RR; thus, we conclude that Cu(0) is
the catalytic active site responsible for enhanced C2+ selectivity.

Based on this understanding, we speculate that, at the initial stage
of the reaction, CuO is more selective for C2+ products than
Cu2(OH)2CO3 because CuO can be reduced to Cu(0) in a shorter time.
To verify this speculation, we re-examined the Cu2(OH)2CO3 and CuO
systems by monitoring the C2+ production rate during the CO2RR at
optimal potentials. Because C2H4 was themain component among the
C2+ products in these systems, we used FEC2H4

as the indicator for C2+

selectivity. The results revealed that the FEC2H4
plateau was achieved

faster in theCuOsystem than in theCu2(OH)2CO3 system, although the
final FEC2H4

values of the two systems were similar. At sampling points
of 10, 15, and 20min, CuO exhibited a higher FEC2H4

thanCu2(OH)2CO3

(Supplementary Fig. 14). This result agrees with the expectation, con-
firming that Cu(0) plays a key role in enhancing C2+ selectivity.

If Cu(0) is indeed the origin of highC2+ selectivity and oxidizedCu
precursors are reduced to metallic Cu during CO2RR, the marked
variation in the performance of various Cu catalysts reported in the
literature need to be understood. For instance, why do hydroxide- or
oxide-derived Cu catalysts generally exhibit higher C2+ selectivity than
bulk Cu catalysts (e.g., Cu foil)? In a previous study, we demonstrated
that an oxidation–reduction cycle resulted in the fragmentation of
original Cu material into smaller irregular grains7, leading to the
exposure of a variety of grain boundaries and high-index facets pro-
motingC–C couplings for high FEC2þ

32,48–53.We thereforepostulate that
the C2+ selectivity is roughly related to themean grain (crystallite) size
of the Cu catalyst, and is benefited from grains that are more irregular
with a decreased size.

In this study, the three derivedCu catalysts with similar grain sizes
(~11 nm) indeed exhibited similar FEC2þ

(68%–73%). To further verify
the correlation between the Cu grain size and C2+ selectivity, two
additional Cu samples were prepared: Cu nanowires and electro-
polished polycrystalline Cu foil (Supplementary Figs. 1b and 3d–f). The
meangrain sizeof theCunanowires estimatedbyXRDwas ~29 nm, and
the transmission electron microscopy revealed that the Cu foil com-
prised micron-sized grains (Supplementary Fig. 3e). The CO2RR per-
formance of Cu nanowires and electropolished polycrystalline Cu foil
was also evaluated (Supplementary Fig. 4d–e). Comparisons of the
maximum FEC2þ

and the mean grain sizes of the five tested catalysts
confirmedanegative correlationbetween these two factors; that is, the
C2+ selectivity increased with a decreasing Cu grain size (Fig. 5a).
Another consequenceof reducing theCugrain size is an increase in the

electrochemically active surface area of the electrode (Supplementary
Table 1), which typically results in enhanced apparent activity in terms
of current density per unit electrode area54.

Strain effects
Although the three derived Cu catalysts exhibited similar C2+ selec-
tivity, a discernible difference exists in the overall Faradaic efficiency
for CO2RR (FECO2RR

) between CuO and the other two catalysts (CuO <
Cu2(OH)2CO3 ≈ Cu(OH)2; Fig. 2c). Moreover, CuO-derived Cu is strain-
free, whereas the other two derived Cu samples show significant ten-
sile strains under CO2RR conditions (Fig. 3d). This coincidence led to
wondering whether lattice strain is another factor affecting the cata-
lytic performance of Cu in addition to grain boundaries and high-index
facets associated with the small grain size.

According to the d-band theory, lattice strain can trigger a shift of
the d-band center of the metal and tailor its catalytic activity25,26,29,30.
We performed DFT calculations to investigate how tensile strain
affects the d-band center of Cu and the consequent binding energy
(Ebinding) of *CO on its surface, using Cu(111) andCu(100) with different
strain values as model structures (see the computational details in the
Methods). The calculations revealed that for both structures, the d-
band center shifts up toward the Fermi Level with increasing tensile
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strain, thus leading to a continuous increase in the Ebinding of *CO. This
conclusion holds for both low (Fig. 6a–d) and high (Supplementary
Fig. 15a–c) *CO surface coverages. These results imply that strained Cu
has a greater promoting effect on *CO adsorption than unstrained Cu,
which has been experimentally verified using a recently reported
method based on Raman band analysis (Supplementary Fig. 16a–d)55.

According to the widely accepted CO2RR mechanism56–59, *CHO/
*COH and *COCO/*COCOH are the primary intermediates for the for-
mation of CH4 and C2+ products, respectively (Fig. 6e), while the Gibbs
free energies of formation (ΔGformation) of these intermediates are
indicators of the ease of the corresponding pathways. The introduc-
tion of 0.5% tensile strain slightly reduces the ΔGformation of *CHO,
*COH, *COCO, and *COCOH on Cu(111) by 0.02, 0.02, 0.04, and
0.03 eV, respectively; further increases in strain do not monotonically
decrease their ΔGformation on Cu(111) but lead to fluctuations (Fig. 6f
andSupplementary Fig. 17). Introducing0.5−1.0% tensile strain leads to
a decrease in ΔGformation for *CHO, *COH, and *COCO on Cu(100), and
further increasing the strain causes their ΔGformation to first increase
and then decrease. For *COCOH on Cu(100), the ΔGformation slightly
increases when the tensile strain increases from 0.0% to 1.5%, followed
by a sudden drop at 2.0% strain (Fig. 6g and Supplementary Fig. 17).

Moreover, we explored the strain effect on the HER by calculating
the adsorption free energy of *H (ΔG*H) and water dissociation acti-
vation barriers. Regardless of strain degree and surface type, the ΔG*H

is uphill whereas the H2 removal is downhill, implying that the HER on
Cu is limited by the *H formation (Supplementary Fig. 18a, b). For
Cu(111), although the ΔG*H decreases with increasing tensile strain, it
remains considerably positive at large strain values (e.g., 0.07 eV at
2.0% strain). For Cu(100), tensile strain does not affect the ΔG*H. The
influenceof tensile strain on thewater dissociation activation barrier is
marginal for both surfaces (Supplementary Fig. 18c, d).

In summary, the calculations indicate that the introduction of
tensile strain in Cu significantly promotes the adsorption of *CO and
also slightly facilitates the subsequent hydrogenation and C–C cou-
pling, while hardly affecting the HER. Therefore, Cu with tensile strain
is expected to exhibit higher overall CO2RR selectivity and suppressed
HER, compared to unstrained Cu. Figure 5b displays the product dis-
tributions on the three catalysts at ~−1.1 VRHE, in which the differences
in the production of H2, CH4, and C1 compounds between strained
(Cu(OH)2- and Cu2(OH)2CO3-derived) and unstrained (CuO-derived)
Cu are clearly illustrated. In comparison with the unstrained Cu, the
strained Cu exhibited higher FECO2RR

, primarily contributed by the
enhanced production of C1 compounds (e.g., CH4), and lower FEH2

.
This result is consistent with expectations from DFT calculations,
corroborating the important role that lattice strain in Cu may play
in CO2RR.

It is not fully understood why Cu nanocrystals derived from
Cu(OH)2 or Cu2(OH)2CO3 have greater tensile strain than Cu nano-
crystals derived from CuO. One possible reason is that the former
nanocrystals undergo more drastic shrinkage in unit-cell volume (74%
for Cu2(OH)2CO3, 71% for Cu(OH)2, and 42% for CuO; Supplementary
Table 3) and more pronounced elimination of components than the
latter nanocrystals during the phase transition. With this hypothesis,
the degree of lattice strain in Cu crystals can be tuned by the pre-
cursors, offering an effective strategy for strain engineering.

Although the promoting effect of tensile strain on C-C coupling
and suppression on the competing HER have been demonstrated
theoretically60,61, a controversy exists in the literature on how the
tensile strain in Cu affects the C1 products during the CO2RR. For
instance, a recent study reported that tensile strain in Cu is unfavor-
able for the formation of C1 products

29, which is inconsistent with our
observations and the conclusions of other studies31,61. Another study
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concluded that tensile strain has different effects on the production of
CH4, depending on the thickness of the Cu layer30. Thesediscrepancies
imply that the lattice strain is not the primary factor determining
CO2RR selectivity, and its effect may be overwhelmed by other coex-
isting factors, such as crystal size, grain boundary, and alloying effect.
In this study, the highC2+ selectivity of derivedCu catalysts is primarily
attributed to the grain boundaries andhigh-index facets due to the size
effect, while the overall CO2RR selectivity (influenced by the compe-
tition between C1 production and HER) can be further improved by
introducing tensile strain through the choice of precursors.

In summary, the as-prepared Cu2(OH)2CO3, Cu(OH)2, and CuO
nanocrystals delivered an FEC2þ

of 73.0%, 71.9%, and 68.6%, respec-
tively, at approximately −1.1 VRHE during the CO2RR. The time-resolved
operando XRD, which uses a laboratory-scale X-ray source for char-
acterizing CO2RR electrocatalysts, and operando Raman spectroscopy
confirmed the full reduction of the precursors to Cu(0) while (or
before) delivering enhanced C2+ selectivity under CO2RR conditions,
and revealed that the electroreduction kinetics of Cu2(OH)2CO3 and
Cu(OH)2 were significantly slower than those of CuO. The results col-
lectively demonstrated that the active species responsible for the
enhancedC2+ selectivity of thederivedCu electrodeswasCu(0), rather
than oxidized Cu species. This conclusion was further verified by the
faster reduction of CuO to Cu and the corresponding higher FEC2H4

at
the initial stage of CO2RR compared to that of Cu2(OH)2CO3. However,
it is worth noting that the possible presence of dynamic amorphous
oxidized Cu species in the catalyst cannot be completely excluded due
to the inherent limitations of XRD and Raman characterization.

A negative correlation between the Cu grain size and C2+ selec-
tivity was established and the small grain size of the derived Cu
(~11 nm), which resulted in an increased exposure of grain boundaries
and high-index facets to facilitate the C–C coupling reaction, was
considered as the primary factor for achieving high C2+ selectivity.
Operando XRD revealed remarkable tensile strains in Cu nanocrystals
derived from Cu(OH)2 and Cu2(OH)2CO3 but not in Cu nanocrystals
derived from CuO. Theoretical calculations indicate that tensile strain
in the Cu lattice helps promote the hydrogenation of *CO and C–C
coupling, enhancing the overall CO2RR selectivity and suppressing
HER, which explains the diverse performance of the three derived Cu
catalysts. Reducing crystallite size and inducing lattice strain were
therefore identified as two effective approaches to enhancing the
performance of Cu catalysts for CO2RR.

The findings of this study highlight the significant role of oper-
ando characterization techniques in probing catalyst evolution during
CO2RR, and the customized operando platforms can be readily adap-
ted to other important electrochemical reactions, including but not
limited to hydrogen/oxygen evolution, nitrogen reduction, and
methane oxidation.

Methods
Precursor preparation
Cu2(OH)2CO3 nanocrystals and CuO nanocrystals. First, aqueous
solutions of 10mL of 0.5M CuSO4 (Sigma–Aldrich, 98%) and 12mL of
0.5M Na2CO3 (Sigma–Aldrich, ≥99.0%) were prepared at room tem-
perature using Milli-Q water (18.2MΩ·cm−1). Subsequently, the Na+

solution was added to the Cu2+ solution, and the mixture was con-
tinuously stirred. After 15min, the mixture was heated at 60 °C and
stirred for another 15min. Afterward, the mixture was allowed to stand
until fully precipitated. Then, the Cu2(OH)2CO3 nanocrystals were
obtained via vacuum filtration. The final product was dried in a vacuum
oven overnight at 30 °C. The as-prepared Cu2(OH)2CO3 nanocrystals
were heated in a vacuum oven for 4 days at 250 °C to synthesize CuO
nanocrystals.

Cu(OH)2 nanocrystals. First, 50mL of 0.05M aqueous solution of
Cu(NO3)2 was prepared at room temperature. Subsequently, 1mL of

25% ammonia solutionwas slowly added into the solution, followed by
1mL of 0.01MNaOH aqueous solution under stirring. Themixturewas
heated to 60 °C for 15min and then cooled to room temperature.
Then, the mixture was subjected to centrifugation and copious wash-
ing with water to a neutral pH to obtain the resulting bluish Cu(OH)2
nanocrystals. The final product was dried in a vacuum oven over-
night at 30 °C.

Cu nanowires and electropolished Cu foil. The Cu nanowires were
sequentially prepared by mixing 20mL of 15M NaOH, 1mL of 0.1M
Cu(NO3)2, 0.15mL of ethylenediamine, and 0.025mL of 35wt%
hydrazine under continuous stirring. Subsequently, the mixture was
heated to 80 °C for 60min, and the product was collected by cen-
trifugation and washed with a 3wt% aqueous hydrazine solution. The
Cu nanowires were dried in a vacuum oven overnight at 30 °C and
stored under an Ar atmosphere to minimize oxidation. Polycrystalline
Cu foil was electropolished in 85% phosphoric acid (Scharlau, 85% in
water) at 3.0 V vs. another Cu foil for 5min.

Ex situ material characterization
The chemical compositions of the precursors were investigated using
powder XRD (Bruker, D8 Advance) with a Cu Kα radiation wavelength
of 0.154184 nm. The obtained peaks were indexed using standard
patterns (PDF#00-004-0836 for Cu, PDF#00-048-1548 for CuO,
PDF#04-009-4366 for Cu(OH)2, and PDF#00-002-0345 for
Cu2(OH)2CO3). The mean crystallite sizes of the precursors were esti-
mated using the Scherrer equation (τ =Kλ=βcosθ, where τ is the mean
size of the crystalline domains, K is the dimensionless shape factor
(0.89), λ is the X-ray wavelength, β is the line broadening at half the
maximum intensity (full width at half maximum), and θ is the Bragg
angle). Ex situ Raman spectra of the samples were recorded using a
WITec apyron system equipped with a 633 nm laser. Considering that
the three compounds were easily reduced to Cu2O under the Raman
laser (Supplementary Fig. 19)36, a low magnification objective lens
(Zeiss EC Epiplan–Neofluar Dic 10X/0.25)was used and the laser power
was set to 20mW to prevent the laser-induced thermo-reduction of
the samples. The surface morphologies of the samples were char-
acterized using SEM (FEI, Magellan) at a working distance of 4mm. All
samples were coated with a layer of 3 nm of Ir prior to SEM imaging to
eliminate charging caused by their poor conductivity.

Electrode preparation
First, 20mgof the as-preparedprecursor powderwasmixedwith 50 µL
of Nafion solution and 3mL of ethanol. Subsequently, themixture was
sonicated for at least 30min to obtain a homogenous ink. Next, the
electrodes were prepared by airbrushing the precursor ink onto a
glassy carbon substrate with an area of 1.0 × 0.5 cm2. For operando
characterizations, carbon paper (Freudenberg H14C9, Fuel Cell Store)
was used as the substrate. The mass loading of the precursor was
approximately 0.6mg cm−2.

Electroreduction of CO2

The electrochemistry experiments were performed in a gas-tight H-
type cell using a CHI 760e workstation. The cathode and anode com-
partments were separated using a Nafion 117 membrane (Fuel Cell
Store). A Pt foil was used as the counter electrode, and an Ag/AgCl
electrode filled with saturated KCl solution (CHI, 111) was used as the
reference electrode. All potentials measured against Ag/AgCl were
converted to the reversible hydrogen electrode (RHE) scale using ERHE
= EAg/AgCl + 0.197 V +0.0591 × pH. The cell resistance was determined
using a current-interrupt method, and the potential was manually
corrected after each measurement. In addition, a 0.1M KHCO3 (Hon-
eywell, 99.5% to 101.0% (acidimetric)) aqueous solutionwasused as the
electrolyte and was saturated with CO2 prior to each CO2RR experi-
ment. The pH value of the cell measured using an Orion 5 star
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benchtop multiparameter (Thermo Scientific) was 6.8. During the
CO2RR experiment, 5.0 sccm of CO2 was continuously purged into the
cell, and the gaseous products were routed into an online gas chro-
matography (GC) system (Kechuang GC2002).

Product analysis
Gaseous products were detected using the online GC equipped with
three detectors: one thermal conductivity detector for detecting H2,
one flame ionization detector for detecting hydrocarbons, and
another flame ionization detector coupled with a methanizer
(Kechuang) for detecting CO. Quantitative determination was con-
ducted using calibration curves from standard gases.

Liquid products were analyzed using proton nuclear magnetic
resonance (NMR, Bruker, 600MHz) with a presaturation sequence
for suppressing the water peak. Calibration curves were developed
using commercial chemicals with 1.67 ppm dimethyl sulfoxide
(Sigma–Aldrich, 99.9%) as the internal standard. In addition, FE was
calculated using FE = ð½A� � V � ðnFÞÞ=Q, where [A] is the analyte con-
centration determined using quantitative NMR, V represents the
NMR sample volume (typically, 600 μL), n denotes the molar ratio
of the transferred electrons, F indicates the Faraday constant, andQ
denotes the total charge passed.

Operando XRD
Operando XRD measurements were performed using a Bruker D8
Discover XRD spectrometer equipped with an IµS microfocus X-ray
source and Eiger 2D detector. A 2mm collimator was used to
enhance the X-ray intensity on a small spot on the electrode. The 2D
detector was vertically positioned to enable the coverage of 21.7°
(2θ) in the still scan mode to cover the desired diffraction angle
range at a high resolution (Supplementary Fig. 20). In addition, an
optical laser-video camera system was incorporated to enable easy
and accurate sample positioning and system alignment. A custo-
mized electrochemical cell (Supplementary Fig. 6) was used with a
Pt wire and an Ag/AgCl electrode (CHI 111; saturated KCl solution) as
the counter and reference electrodes, respectively. The cathode
and anode compartments were separated using a Fumasep FKB-PK-
130 membrane (Fuel Cell Store). The precursors were airbrushed
onto one side of the carbon paper and positioned close to the glassy
carbon on the cell to function as the working electrode. The elec-
trolyte (50mL of 0.1 M KHCO3) was saturated with CO2 while cir-
culating through the cell at 1 mLmin−1. During the measurements,
the cell was fastened on the stage using psi tilted to 30° for the
better release of in situ formed bubbles from the electrode surface.
For the Cu2(OH)2CO3 nanocrystals, the measurements were con-
ducted at −0.84, −1.05, and −1.2 VRHE. For Cu(OH)2 and CuO nano-
crystals, the potential was set to −1.08 and −1.16 VRHE, respectively.
The 2D diffraction patterns were collected in the still scan mode at
an integration time of 900 s. The raw data were integrated using
DIFFRAC.EVA software, and the background was removed for
improved peak identification.

Strain determination
The tensile strain values of derived Cu samples were calculated using
the equation:

Tensile strain ð%Þ= d � d0

d0
× 100% ð1Þ

where d is the d-spacing of a given reflection (e.g., Cu(111) or Cu(100))
determined from the XRD pattern and d0 is the corresponding d-spa-
cing in the standard Cu sample.

For the operando XRD experiments, the theta angle was set to
20.28° for still scan mode to achieve the desired diffraction angle
range (30°−51.7°, 2θ) at a high resolution. Under such conditions, the

illuminated area on the electrode is an ellipse of ~4.7mm2. The
obtained strain value is the average result of the illuminated area.

Operando Raman spectroscopy
Operando Raman spectra were recorded using a WITec apyron system
with awater-immersionobjective lens (ZeissWPlan-Apochromat 63X/1)
and a 633 nm laser beam. A low laser power of 0.8mW was used to
prevent the irradiation-induced modification on the precursor surface.
The measurements were conducted in a customized electrochemical
cell (Supplementary Fig. 10) with a Pt wire and an Ag/AgCl electrode
(CHI 111; saturatedKCl solution) as the counter and reference electrode,
respectively. The cathode and anode compartments were separated
using a Fumasep FKB-PK-130 membrane (Fuel Cell Store). The electro-
lyte (50mL of 0.1MKHCO3) was saturatedwith CO2 while circulating at
1mLmin−1 above the electrode surface to remove bubbles produced
in situ. The Raman signals were collected in a back-scattering geometry
every 15min along the CO2RR process. The raw data were recorded and
processed using WITec Control Five software, and the background was
removed to enable improved peak identification.

Computational methods
The DFT calculations were conducted using the projector-augmented
wave method, as implemented in Vienna Ab initio Simulation Package
code62,63. The generalized gradient approximation with the
Perdew–Burke–Ernzerhof exchange-correlation functionalwasused. A
uniform 6× 6 × 6 k-mesh grid in the Brillouin zone was employed to
optimize the crystal structure of bulk Cu, and the resulting lattice
parameter was a = 3.635 Å. The Cu slab model with five atomic layers
had a (2 × 2) and a (3 × 3) lateral periodicity with (111) and (100)
exposed surfaces, respectively, and the slab replica was separated by
∼20Å of vacuum. The lattice parameters were set to a = 3.653 Å,
3.671 Å, 3.690Å, and 3.708Å for Cu(111) and Cu(100) slabs to mimic
0.5%, 1.0%, 1.5%, and 2.0% tensile strain, respectively. A 2 × 2 × 1 k-mesh
was used for all Cu(111) and Cu(100) slab structures. The plane-wave
basis set cutoffs of the wave functions were set at 500 eV for the bulk
and 450eV for slab structures without and with molecular adsorption.
The atomicpositions of all structureswere fully relaxeduntil the forces
on each atom were less than 0.01 eV/Å.

The Gibbs free energy values were calculated using the following
equations:

G= EDFT + EZPE +
Z 298:15

0
CvdT � TS ð2Þ

EZPE =
1
2
∑ hν ð3Þ

Z 298:15

0
CvdT = kB∑

hν
kBT

� �2 exp hν
kBT

� �

exp hν
kBT

� �
� 1

h i2 ð4Þ

where EDFT denotes the energy calculated by DFT, EZPE represents the
vibrational zero-point energy,

R 298:15
0 CvdT indicates the heat capacity,

andS is theentropy, respectively. In addition,ℎ is thePlanckconstant,kB
denotes the Boltzmann constant, and v represents the vibrational
frequency. Only vibrational modes were considered for calculating the
entropydue to the scarce contribution from translational and rotational
modes. The Gibbs free energy of formation (ΔGformation) for *COCOH is
calculated as ΔGformation(*COCOH) = G*COCOH – (G*CO+*CO + GH2/2). In
addition, ΔGformation for *COH is calculated as ΔGformation(*COH) =
G*COH – (G*CO + GH2/2), ΔGformation for *CHO is calculated as
ΔGformation(*CHO) = G*CHO – (G*CO + GH2/2), and ΔGformation for *COCO
is calculated as ΔGformation(*COCO) = G*COCO – (G*CO + GCO). The
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thermodynamic parameters for calculating Gibbs free energies are
given in Supplementary Tables S4–S13.

The hydrogen adsorption free energy G*H is calculated as G*H = E
(slab + H) – E(slab) – E(H2)/2 + ΔEZPE – TΔS, where E (slab + H) and
E(slab) are the total energies of the Cu(111) or Cu(100) slab with and
without H adsorption; E(H2) is the total energy of a H2 molecule; ΔEZPE
is the difference in the zero-point energy between gas phase of H2 and
the adsorbed H atom; and ΔS is the difference in entropy. To deter-
mine the transition state (TS) for the water dissociation on the Cu(111)
and Cu(100) surfaces, the climbing image nudged elastic band (NEB)
method was employed, and the force convergence tolerance on each
atom was set to be 0.05 eV/Å during the search of the minimum
energy path.

Data availability
The data supporting the findings of this study are provided in the
Supplementary Information/Source Data file. The input and output
files for the DFT calculations are available in the IoChem-BD database
(https://iochem-bd.bsc.es/browse/review-collection/100/215881/
6ca411524a36a3f2c1194679). Additional data are available from the
corresponding authors on request. Source data are provided with
this paper.

Code availability
Vienna ab initio simulation package (VASP) for the DFT calculations is
available at https://www.vasp.at/.
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