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ABSTRACT
Manipulating  the  oxidation  state  of  Cu  catalysts  can  significantly  affect  the  selectivity  and  activity  of  electrocatalytic  carbon
dioxide  reduction  (CO2RR).  However,  the  thermodynamically  favorable  cathodic  reduction  to  metallic  states  typically  leads  to
catalytic  deactivation.  Herein,  a  defect  construction  strategy  is  employed  to  prepare  crystalline/amorphous  Cu2+1O/CuOx

heterostructures  (c/a-CuOx)  with  abundant  Cu0  and  Cuδ+  (0  <  δ  <  1)  sites  for  CO2RR.  The  C2+  Faradaic  efficiency  of  the
heterostructured Cu catalyst is up to 81.3%, with partial current densities of 406.7 mA·cm−2. Significantly, real-time monitoring of
the Cu oxidation state evolution by in-situ Raman spectroscopy confirms the stability of Cuδ+ species under long-term high current
density  operation.  Density  functional  theory  (DFT)  calculations  further  reveal  that  the  adjacent  Cu0  and  Cuδ+  sites  in
heterostructured c/a-CuOx can efficiently reduce the energy barrier of CO coupling for C2+ products.
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 1    Introduction
Electrochemical CO2 reduction reaction (CO2RR) for value-added
carbon-based  products,  potentially  driven  by  renewable  energies,
is  a  promising way to step toward a  sustainable  energy economy
[1–3].  Catalysts  are  the  key  functional  components  for  CO2RR
and  play  vital  effects  on  the  reaction  kinetics  and  product
selectivity. Recently developed CO2RR electrocatalysts such as Au,
Ag,  and  Pd  can  convert  CO2 into  C1 products  such  as  carbon
monoxide  (CO),  methane  (CH4),  and  formic  acid  (HCOOH),
possessing  high  Faradaic  efficiencies  (FE)  and  selectivity  at  large
current  densities  [4–6].  However,  the  deeper  reduction  of  these
products into more energy-intensive, higher-value C2+ oxygenates,
and  hydrocarbons  is  usually  limited  by  unsatisfactory  efficiencies
and  reaction  rates  [7, 8].  As  the  exclusive  metal  catalyst  to  form
multi-carbon  products  via  CO2RR,  Cu  can  produce  up  to  16
different  products,  such  as  ethylene  (C2H4),  ethanol  (C2H5OH),
and  n-propanol  (C3H7OH),  etc  [9–11].  Due  to  the  variety  of
possible  products,  the  major  challenge  faced  by  Cu  is  the  poor
selectivity  toward  C2+ products.  In  light  of  practical  application,
how to manipulate the catalytic surface of Cu for selective catalysis
is  the key to achieving efficient  conversion from CO2 to  valuable
products [12, 13].

To  improve  the  selectivity  of  Cu,  various  strategies  have  been
explored,  including  morphology  and  size  manipulation,  alloying,
surface modification with molecules, crystal face engineering, and
oxidation  state  regulation  [14–16].  Among  them,  oxidized  Cu-

based  catalysts  hold  great  promise  with  tunable  interfacial
properties  and  local  chemical  environments  [17, 18].  It  has  been
found  that  the  Cuδ+ species  under  CO2RR  conditions  correlate
closely with the generation of C2+ products [19, 20]. For instance,
Kanan  and  co-workers  have  shown  that  the  preoxidation  of  Cu
can retain active Cu+ species, which significantly boosts its intrinsic
catalytic  properties  toward  C2+ formation.  Chen  group  put
forward the correlation between the oxidation state of Cu sites and
their  individual  selectivity  toward  CO2RR  (mixed  Cu+ and  Cu0,
Cu+-dominated,  and  Cu0-dominated  corresponding  to
C2H4/C2H5OH, CO/HCOO−, and CH4, respectively). Moreover, in-
situ studies  further  revealed  that  the  oxidized  Cu+ species  in  the
catalysts  generally  undergo  time-dependent  variation  and  finally
reach  a  dynamically  stable  state  as  the  CO2RR  proceeds  [21, 22].
However,  Cuδ+ species  are  thermodynamically  inclined  to  be
reduced to Cu0 at the CO2 reduction potential region, intrinsically
limiting  the  continuous  and  efficient  generation  of  C2+ products
[23]. In this regard, constructing stable Cuδ+ active sites which can
tolerate large current operations toward CO2RR is an urgent issue
that needs to be overcome [24].

Herein  by  a  defect  construction  approach,  we  prepared  stable
and  atypical  oxygen-containing  copper  heterostructures
(Cu2+1O/CuOx).  The  obtained  catalyst  exhibits  outstanding
CO2RR performance with over 80% Faradaic efficiency of the C2+
products, outperforming most of copper oxide electrodes reported
in  the  Refs.  [25–34].  Using in-situ Raman  spectroscopy,  we
tracked the Cuδ+ species maintaining stability under CO2 reduction
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conditions.  More  importantly,  the  density  functional  theory
(DFT)  calculations  demonstrate  that  adjacent  Cu0 and  Cuδ+

working as the heterogeneous active sites enable a synergic role in
improving the selectivity of C2+ products.

 2    Experimental section

 2.1    Chemicals
All  materials  were obtained from commercial  suppliers  and used
without  further  purification.  Copper(II)  2,4-pentanedionate
(Cu(acac)2,  98%)  was  purchased  from  Sinopharm  Chemical
Reagent  Co.,  Ltd  (Ourchem).  Sodium  nitrate  (NaNO3,  ≥  99.0%)
was  purchased  from  Sinopharm  Chemical  Reagent  Co.,  Ltd
(Shanghai,  China).  EtOH  was  purchased  from  Sinopharm
Chemical  Reagent  Co.,  Ltd  (Shanghai,  China).  Deionized  (DI)
water from Milli-Q System (Millipore, Billerica, MA) was used in
all our experiments.

 2.2    Synthesis  of  amorphous  CuOx  (a-CuOx)  nanosheets
and  crystalline/amorphous  Cu2+1O/CuOx (c/a-CuOx)
heterostructures
The  synthesis  of  a-CuOx nanosheets  and  c/a-CuOx
heterostructures  with  different  crystal  structures  was  prepared by
adjusting  the  calcination  time.  In  a  typical  synthesis,  a  certain
amount of the metal organic compound (Cu(acac)2, 5 mg) and the
inorganic  salt  (NaNO3,  17  mg)  were  dispersed  in  the  ethanol
solution,  the  resulting  mixture  was  sonicated  until  a  uniformly
stable mixed solution was formed. Then, the mixture was poured
into an open container, after the solvent was evaporated at 70 °C,
the obtained solid powder was taken out and grounded in an agate
mortar for 5 to 10 min, then the as-prepared solid was transferred
to a porcelain boat and heated at  a  temperature of  533.15 K in a
tube furnace under an argon atmosphere flow (120 sccm) for 1 or
2  h.  After  naturally  cooled  to  room  temperature,  the  resulting
products were collected by centrifugation and washed three times
with  deionized  water.  At  extended  calcination  time,  crystalline
Cu2+1O nanoparticles with a stable crystal structure were formed.

 2.3    Characterization
Powder  X-ray  diffraction  (XRD)  patterns  of  samples  were
recorded on a Rigaku Miniflex-600 operating at 40 kV voltage and
15  mA  current  with  Cu  Kα radiation  (λ =  0.15406  nm).  X-ray
photoelectron  spectroscopy  (XPS)  was  collected  on  scanning  X-
ray  microprobe  (PHI  5000  Verasa,  ULAC-PHI,  Inc.)  by  Al  Kα
radiation  and  the  C  1s  peak  located  at  284.8  eV  as  standard.
Transmission  electron  microscopy  (TEM)  was  carried  out  by  a
Hitachi-7700  working  at  100  kV.  The  high-resolution  TEM
(HRTEM), high-angle annular dark-field scanning TEM (HAADF-
STEM),  and  electron  energy  loss  spectrometry  (EELS)  mapping
were  recorded  by  JEOL  JEM-ARM200F  TEM/STEM  with  a
spherical aberration corrector working at 200 kV.

 2.4    Preparation of gas diffusion electrodes (GDEs)
Carbon  paper  (Sigracet  35  BC)  with  a  microporous  layer  (MPL)
was purchased from the fuel cell store. 5 mg of catalyst was mixed
with 40 μL of  5  wt.% Nafion solution and 5  mL ethanol  solvent.
The  solution  was  sonicated  for  at  least  60  min  at  room
temperature  and  stirred  for  at  least  6  h  to  form  a  homogeneous
ink.  The  well-dispersed  ink  was  then  airbrushed  onto  a  gas
diffusion  layer  (2.5  cm  ×  2.0  cm)  using  an  Anest  Iwata  RG-3L
airbrush (Japan) pumped by an air compressor at a fixed pressure
of 60 p.s.i. The GDEs were cut to 2.5 cm × 1.0 cm and dried in a
vacuum chamber  overnight  before  use.  The loading amount  was

determined  by  weighing  the  GDEs  before  and  after  the
airbrushing, and was found to be roughly 1.0 mg·cm−2.

 2.5    Electrochemical measurement
The  gas-tight  flow  cell  system  was  fabricated  with  a  CO2 gas
compartment  and  two  liquid  compartments  with  channels  of
dimensions 2.0 cm × 0.5 cm × 0.3 cm (Fig. S13 in the Electronic
Supplementary  Material  (ESM)).  All  electrochemical
measurements  were  performed  in  a  flow  cell  with  a  VSP-300
potentiostat  (Bio-Logic,  France).  The electrolyte  (1  M KOH) was
circulated  through  both  the  anode  (nickel  foam)  and  cathode
chambers  separated  by  the  anion  exchange  membrane  (AEM,
Fumasep  FAB-3-PK-130).  The  CO2 (99.999%)  and  KOH
electrolyte  flow  were  kept  constant  at  24  and  20  mL·min−1

controlled  by  a  mass  flow  controller  (C100L,  Sierra)  and  a
peristaltic  pump  (BT100-2J,  Longer  Pump),  respectively.  The
applied  potentials  were  measured  against  a  Ag/AgCl  reference
electrode  in  saturated  KCl  and  converted  to  the  reversible
hydrogen electrode (RHE) reference scale with iR correction by

E(vs. RHE) = E(vs. Ag/AgCl)+0.205+(0.0591×pH)− iRs

(1)

where  the  solution  resistance Rs was  determined  by
electrochemical  impedance  spectroscopy  at  frequencies  ranging
from 0.1 to 100 kHz.

 2.6    CO2RR product analysis
To  accurately  quantify  the  gas  products  during  CO2 electrolysis,
the gas  outlet  flow rate  from the reactor was carefully  monitored
by  a  mass  flow  meter  (AST10-HLC,  Asert  Instruments)  at  each
current  density.  The  gas  chromatograph  (GC-2014,  Shimadzu)
analysis was set up to split  the gas sample into two aliquots.  One
aliquot  passed  a  thermal  conductivity  detector  to  quantify  H2
concentration,  and  the  other  was  routed  through  a  flame
ionization detector with a methanizer to quantitatively analyze the
content of CO and alkane species. The Faradaic efficiency for gas
products was calculated by the following formula

FE(%) = 100× nxFV
jtotal

(2)

where n and x are  the  number  of  electrons  transferred  and  the
mole  fraction  of  a  certain  product,  respectively, F is  Faradaic
constant, V is  the  total  molar  flow  rate  of  gas,  and jtotal is  the
measured total current.

1H  nuclear  magnetic  resonance  (1H  NMR)  spectra  measured
with  water  suppression  using  a  presaturation  method  were
collected  on  a  Bruker  400  MHz  spectrometer  to  test  liquid
products. Typically, 500 μL of electrolyte after CO2RR electrolysis
was  mixed  with  100  μL  of  D2O  containing  50  ppm  (m/m)
dimethyl  sulfoxide  as  the  internal  standard.  The  same  spectral
acquisition parameters  were used for all  measurements to ensure
complete  relaxation  and  quantification.  The  presented  data  were
the accumulated result of 32 scans.

 3    Results and discussion
Figure  1(a) schematically  shows  the  formation  process  of  c/a-
CuOx. Firstly, the a-CuOx nanosheets  were prepared by annealing
the mixture of Cu(acac)2 and NaNO3 in Ar at 260 °C for 1 h, and
the structural characterizations were shown in Fig. S1 in the ESM
[35].  Subsequently,  the  calcination  time  was  extended  to  2  h  to
form  crystalline  Cu2+1O  (Cu2O  with  oxygen  vacancies)
nanoparticles. The in-situ reduction mechanism was confirmed by
the thermal gravimetric analyzer coupled with mass spectrometry
(TGA-MS, Fig. S2  in  the  ESM).  The  production  of  CO  was

  Nano Res. 2023, 16(4): 4698–4705 4699
 

 

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



detected  during  the  heating  process,  which  is  the  key  agent  for
reducing a-CuOx to Cu2+1O. Furthermore, TEM images (Fig. 1(b)
and Fig. S3  in  the  ESM)  revealed  the  Cu2+1O  nanoparticles  are
supported  on  amorphous  nanosheets  with  lateral  dimensions  up
to  micron  level.  The  elemental  mapping  images  (Fig. S4  in  the
ESM) display the uniform dispersion of Cu, O, and C. In the XRD
patterns  shown  in Fig. 1(c),  the  peak  at  36.418°  can  be  indexed
well to the Cu2+1O (111) diffraction (JCPDS 05-0667). Compared
with  the  standard  Cu2O  (JCPDS  34-1354),  a  shift  of  ~  0.6°  was
observed on Cu2+1O, suggesting the formation of oxygen vacancies
during the reduction process.

Pn3̄m

The  fine  structure  of  c/a-CuOx was  further  clarified  by  the
atomic resolution HAADF-STEM and HRTEM images (Fig. 1(d)
and  Figs.  S5  and  S6  in  the  ESM).  The  diameter  of  Cu2+1O
nanoparticles  is  about  100  nm,  and  the  amorphous/crystalline
interface can be observed. It can be recognized from the magnified
HAADF-STEM  images  in Fig. 1(d) and Fig. S6  in  the  ESM  that
the  crystalline  area  appears  a  lattice  spacing  of  0.246  nm,  which
could  be  indexed  to  the  (111)  plane  of  the  Cu2+1O  with  a  space
group  of .  Moreover,  fine-structure  analyses  of  the  EELS
spectra  were  applied  to  determine  the  valence  of  c/a-CuOx (Figs.
1(e)–1(g) and Fig. S7  in  the  ESM).  The  valence-state  distribution
of  Cu  was  mapped  by  processing  the “white  lines” in  the  EELS
spectra  [36, 37].  The  normalized  EELS  spectra  of  Cu  from  the
nanoparticle  and  support  are  shown  in Figs.  1(e) and 1(f).  The
EELS spectrum from the nanoparticle  shows a  lower L3 intensity

than that of  the support,  indicating different valence states in the
two  parts.  The  valence-state  distribution  of  Cu  was  extracted  by
utilizing  a  multiple  linear  least-squares  fitting  method.  As  shown
in Fig. 1(g),  Cu2+1O  (red)  and  Cu1.07O  (blue)  were  distributed  in
the  nanoparticle  and  support,  respectively.  The  results  confirm
that  the  valence  states  of  Cu  in  the  crystalline  and  amorphous
parts  of  the  c/a-CuOx heterostructures  are  close  to  those  of
Cu2+1

(+0.7)O  and  Cu(+2)O,  respectively  (see  Notes  S1  and  S2  in  the
ESM for a detailed discussion).

The XPS survey of a-CuOx and c/a-CuOx confirmed that Cu, C,
and O elements exist  in the material  (Fig. S8 in the ESM). In the
core-level  XPS  Cu  2p  spectra  shown  in Fig. 2(a),  the  binding
energies  centered  at  932.4  and  952.3  eV  are  stemmed  from  the
spin  orbital  component  2p3/2 and  2p1/2 of  Cu(0)/Cu(I),  while  the
peaks at 936.8 and 957.0 eV are attributed to the characteristics of
Cu(II)  [38].  The  as-prepared  c/a-CuOx exhibits  distinct
Cu(0)/Cu(I)  valence  state  features,  confirming  the  reduced  Cu
valence.  To  further  distinguish  the  Cu(0)/Cu(I),  Auger
spectroscopy  was  performed.  The  Cu  L3M45M45 Auger  spectra
show  that  Cu(0)/Cu(I)  species  coexisted  on  the  surface  of  c/a-
CuOx. In contrast, only a weak Cu(0) signal can be observed in a-
CuOx,  indicating  that  a-CuOx was  reduced  during  the  annealing
process  (Fig. 2(b))  [39].  The  oxygen  vacancies  induced  by  the
thermal  reduction were  further  probed by  the  XPS O 1s  spectra,
which  can  be  deconvoluted  into  three  subpeaks  (Fig. 2(c)).
Specifically, the O1 peak with the binding energy around 531.8 eV

 

Figure 1    Schematic illustrations and structural characterizations. (a) Schematic preparation process and enlarged diagram of the atomic structure. (b) TEM image of
c/a-CuOx, the blue marks the amorphous CuOx. (c) XRD patterns of a-CuOx and c/a-CuOx. (d) Atomic resolution HAADF-STEM images of Cu2+1O. The normalized
EELS of Cu from (e) the Cu2+1O nanoparticles and (f) a-CuOx nanosheets. (g) HAADF-image, the valence states distribution of Cu in a typical c/a-CuOx,  in which
Cu2+1O and Cu1.07O are indicated in red and blue, respectively.
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is  attributed  to  the  metal−oxygen  bonds.  The  O2  peak  around
533.2  eV  corresponds  to  the  defect  sites  with  lower  oxygen
coordination,  while  the  O3  peak  at  534.3  eV  is  assigned  to  the
hydroxyl  species  of  the  surface-adsorbed  water  molecules  [40].
The O 1s XPS spectrum of c/a-CuOx features a higher proportion
of O2 peak, indicating rich surface oxygen vacancies. Besides, the
Cu  L3-edge  X-ray  absorption  near-edge  structure  (XANES)
spectra shown in Fig. S9 in the ESM also consistently support the
Cu(0) rich feature in c/a-CuOx [41].

Furthermore,  the  X-ray  absorption  fine  structure  (XAFS)
measurements  were  performed  to  reveal  the  electronic  and
coordination  environment  information  of  the  c/a-CuOx
heterostructures. As shown in Fig. 2(d), the pre-edge energy of Cu
in  the  c/a-CuOx is  located  between  Cu  foil  (0)  and  Cu2O  (+1),
suggesting  the  moderate  oxidation  state.  Since  the  Cu  K-edge
energies  are  linearly  correlated  to  the  oxidation  states  (δ)  of  Cu,
the fitted δ value of Cu in c/a-CuOx is estimated to be +0.88 (Fig.
2(e)) [42]. Figure S10 in the ESM shows the Fourier transformed
extended  XAFS (EXAFS)  spectra  of  Cu K-edge  of  c/a-CuOx and
standard sample.  The first  nearest  neighbor coordination shell  of
c/a-CuOx is similar to Cu2O, and the second coordination peak at
2.7–3.2 Å is assigned to the mixed state of Cu2O and CuO. Linear
component  fitting  (LCF)  was  carried  out  for  the  material  to
further  study  its  component  composition  (Fig. S11  in  the  ESM).
The Cu–Cu coordination in c/a-CuOx was distinguished into two
paths,  which  were  respectively  designated  as  Cu2O  (crystalline
parts) and CuO (amorphous parts). The fitting results in Table S1
in the ESM showed that the content of Cu2O was 51.9%, and the
content  of  CuO was  48.1%.  And the  fitted  coordination  number
and bond length information are  summarized in Table  S2 in the
ESM.  Additionally,  the  Cu–Cu  coordination  number  in  Cu2+1O
(9.6) is slightly lower than that of standard Cu2O (11.7), due to the
existence  of  abundant  oxygen  vacancies.  Moreover,  the  wavelet
spectrum  of  c/a-CuOx contains  two  obvious  intensities  of  Cu–O
and Cu–Cu coordination, which is in line with the corresponding
curve-fitting  results  (Fig. 2(f)).  The  clear  difference  in  Cu–Cu
bond  strength  further  confirms  the  change  in  corresponding

coordination  number.  From  the  Cu  K-edge k3χ(k)  oscillation
curves,  the  oscillation feature  of  c/a-CuOx is  very  close  to  that  of
Cu2O  powder  (Fig. S12  in  the  ESM),  indicating  a  similar  atomic
configuration for the Cu site in both c/a-CuOx and Cu2O.

C2+

The  catalytic  performances  of  the  as-prepared  c/a-CuOx for
CO2RR  were  carried  out  in  1  M  KOH  solution  using  a  gastight
flow-cell  configuration  (Fig. S13  in  the  ESM,  see  Experimental
section for details).  All  the potentials  mentioned in this  work are
recalibrated to the reversible hydrogen electrode. As shown in Fig.
3(a),  the  c/a-CuOx exhibited  higher  current  densities  and  more
positive  onset  potentials  than  the  a-CuOx electrodes.  To  further
analyze  the  catalytic  product  and  the  corresponding  Faradaic
efficiencies of all  the products, both the catholyte and the anolyte
were collected for 1H NMR analysis (Fig. S14 in the ESM), and the
outlet  gas  flow  rate  for  each  measurement  was  tracked  for  gas
product  analysis  (Fig. S15  in  the  ESM).  As  shown  in Fig. 3(b),
representative  product  results  were  detected,  including  those  for
C3H7OH,  acetic  acid  (CH3COOH),  C2H5OH,  C2H4,  HCOOH,
CH4, CO, and H2. Notably, the C2H4 production selectivity of c/a-
CuOx underwent  rapid  growth  with  increasing  applied  potential,
maintained  at  high  levels  over  a  range  of  applied  potentials
between −1.5 and −1.7 V. At the same time, the yield of HCOOH
decreased  with  the  proportion  of  C2+ products  increased  rapidly.
Furthermore,  the  partial  current  density  of  C2+ products  (j )  at
−1.7  V  was  as  high  as  406.7  mA·cm−2 (Fig. 3(c)),  which
outperformed most of the reported copper-based electrodes. This
result  indicates  that  the  c/a-CuOx electrode  holds  promise  to
operate  at  industrial  electrolyzer-relevant  current  densities.
Further  electrochemical  tests  were  performed  in  galvanostatic
mode (Fig. S16 in the ESM). As shown in Figs. 3(d) and 3(e), the
maximum  Faradaic  efficiency  of  C2+ products  was  up  to  81.3%,
and the selectivity was maintained at ~ 80% over a wide test range
of 500–700 mA·cm−2. We also compared the CO2RR performance
with  those  previously  reported  catalysts  in  terms  of  C2+ (ball
symbol)  or  C2H4 (square  symbol)  current  densities  and  Faradaic
efficiencies.  The  results  obtained  on  the  c/a-CuOx electrode
represent  the  best  performance  reported  to  date  compared  to
other copper oxide electrodes (Table S3 in the ESM and Fig. 3(f)).

 

Figure 2    Structure and composition characterization of a-CuOx and c/a-CuOx. (a) XPS of Cu 2p spectra. (b) Cu LMM Auger spectra. (c) XPS of O 1s spectra. (d) Cu
K-edge XANES spectra for Cu foil, Cu2O, CuO, and c/a-CuOx. (e) The calculation of Cu oxidation states from Cu K-edge XANES. (f) The wavelet transform of Cu K-
edge EXAFS data for c/a-CuOx and Cu2O standard sample.
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Long-term durability  is  another critical  factor for  assessing the
practicability of catalysts. As shown in Fig. 3(g), after 24 h stability
test under a constant current density of 300 mA·cm−2, the ratio of
C2+ products  Faradaic  efficiency  was  consistently  maintained  at
~  60%.  The  electrode  was  found  to  be  very  stable  under  harsh
conditions,  with  only  a  slight  increase  in  overpotential.  By
replacing  the  electrolyte  occasionally,  the  overpotentials  and
Faradaic efficiency could be maintained over 24 h long electrolysis.
Meanwhile,  post-mortem  characterizations  uncover  that  the
material  structure  and  oxidation  state  are  well  maintained  (Figs.
S17–S19 in the ESM). As shown in Figs. S20 and S21 in the ESM,
the  peaks  remained  in  the  XRD  and ex-situ Raman  of  the  c/a-
CuOx electrode after the CO2RR measurement, indicating that the
Cu2+1O was preserved in the testing system.

To  determine  whether  Cu2+1O  remained  stable  during  the
electrocatalysis  CO2RR  process, in-situ Raman  spectroscopy  was
applied  at  −1.7  V  for  over  30  min  to  investigate  the  structural
evolution  of  c/a-CuOx (Fig. S22  in  the  ESM).  We  chose  the
excitation  wavelength  of  785  nm  because  it  can  yield  significant
Raman intensity of related vibration modes [43]. As shown in Fig.
4(a),  the peak at lower wavenumbers (450–640 cm−1) is typical of
Cu–O  bonds.  Meanwhile,  several  characteristic  Raman  peaks
emerge,  which  arise  from  the  Cu–CO  (~  360  cm−1),  CO3

2−

(~  1,070  cm−1),  CO2
− (~  1,310  cm−1),  and  carbon  (~  1,375  and

~  1,580  cm−1)  modes,  respectively  [44].  The  c/a-CuOx electrodes

exhibit Raman peaks at 525 and 621 cm−1, which are attributed to
the  Γ+

25 and  Γ−
12 +  Γ+

25 phonon  modes  of  Cu2O  (Fig. 4(b))  [45].
The  c/a-CuOx retains  the  characteristic  Γ−

12 +  Γ+
25 modes  after

30  min,  suggesting  that  the  as-prepared  catalysts  effectively  resist
structural  failure  under  a  long-term  electrochemical  reduction
process.  Moreover,  the  XPS  analyses  of  the  c/a-CuOx after
electrocatalysis  show  that  the  Cu+ species  were  observed  after
reacting  for  24  h,  which  matches  well  with  the  Raman
measurement results (Fig. S23 in the ESM).

Furthermore,  we  performed in-situ Raman  spectroscopy  at
various applied potentials to monitor the adsorbed CO2 reduction
intermediates.  The  adsorbed  CO  (CO*)  intermediates  stretching
frequency is sensitive not only to the type of metal but also to its
charge  state  [46].  As  shown  in Figs.  4(c) and 4(d),  two  Raman
peaks  arise  from  the  c/a-CuOx electrode  with  increasing  applied
potential,  where  the  peak  at  ~  2,070  cm−1 corresponds  to  the
stretching vibration mode of  the  absorbed CO* on Cuδ+,  and the
peak  at  ~  2,050  cm−1 comes  from the  absorbed CO* on Cu0 [47,
48].  The  reduction  of  Raman  signals  at  higher  applied  potential
indicates  that  the  aforementioned  intermediates  react  at  the  fast
CO2 reduction  kinetics.  The  above  spectroscopic  evidence  has
revealed that the CO* intermediate is further transformed into the
C2+ products  on  the  c/a-CuOx,  which  is  in  complete  agreement
with  the  electrocatalytic  performance.  Combined  with  the  above
experimental evidence, we speculate on the possible mechanism of

 

Figure 3    CO2RR performance in a flow cell. (a) Linear sweep voltammetry curves on a-CuOx and c/a-CuOx electrodes. (b) Faradaic efficiencies for CO2RR products
at different potentials for c/a-CuOx electrodes. (c) C2+ and C2H4 partial current density on c/a-CuOx electrodes versus applied potentials.  (d) C2+ and C2H4 Faradaic
efficiencies on c/a-CuOx electrodes versus different cell currents. (e) Faradaic efficiencies on c/a-CuOx electrodes at different cell currents. (f) Comparison of C2+ (ball
symbol) or C2H4 (square symbol) current densities and Faradaic efficiencies (see Table S3 in the ESM for details) for various copper-based electrodes reported in the
literature. (g) Stability test of the c/a-CuOx electrodes at a total current density of 300 mA·cm−2. The electrolyte was occasionally replaced by new 1 M KOH solution
(gray arrows) to recover the conductivity of the electrolyte and to avoid the possible salt accumulation. All measurements were performed in CO2-flowed 1 M KOH
electrolyte,  and  the  reported  potentials  were  converted  to  the  RHE  reference  scale  with iR correction.  Error  bars  are  based  on  the  standard  deviation  of  three
independent measurements.
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stable  existence  of  Cu+ species:  The  c/a-CuOx surface  contains
abundant Cu0 and Cuδ+ (0 < δ < 1) sites, which provide a suitable
adsorption  environment  for  CO*  intermediates.  The  high  local
concentration  of  carbon  intermediates  could  mask  the  active
CO2RR surface thereby stabilizing Cuδ+ species [24, 26].

To  reveal  the  essences  of  chemical  states  of  Cu  active  sites
toward  C2+ selectivity  at  the  atomic  level,  theoretical  calculations
were  performed.  A  simplified  model  of  partially  reduced  Cu2O
(111)  surface  as  Cu2+1O  was  constructed,  based  on  the  fine
structure  characterization  (Fig. S24  in  the  ESM).  As  illustrated  in
Fig. 5(a) and Fig. S25 in the ESM, the Bader charge demonstrates
the presence of Cu0 and Cuδ+ on the Cu2+1O surface (see ESM for
the detailed modeling procedure). In addition, Cu (111) and Cu2O
(111)  were  taken  as  models  for  the  presence  of  Cu0 and  Cuδ+

individually,  respectively.  The  stability  of  Cu2+1O  was  firstly
explored.  It  is  well  known  that,  the  effect  of  reaction  conditions
such as temperature or solvent on the structure of Cu2+1O cannot

be  simulated  by  static  DFT  calculations.  Therefore, ab  initio
molecular  dynamics  (AIMD)  simulations  were  performed.  First,
AIMD  simulations  were  performed  for  Cu2+1O  at  the  synthesis
temperature  (260  °C)  for  a  lasting  30  ps,  and  the  structure  was
confirmed  to  be  stable  by  analyzing  the  root-mean-square
displacement  of  Cu2+1O  (111)  over  the  simulation  time  (Fig.
S26(a)  in  the  ESM).  In  addition,  AIMD  simulations  under
reaction conditions were further considered by adsorbing solvent
water  on  the  surface,  and  it  was  found that  the  surface  structure
changed very little during the 30 ps simulation, indicating that the
structure is stable under these conditions (Fig. S26(b) in the ESM).

The  adsorbed  CO  intermediates  have  been  identified  as  a
critical link between CO2 and other reduction products [49]. Like
a  consequence,  the  CO  formation  via  CO2 reduction  over  Cu
(111), Cu2O (111), and Cu2+1O was simulated. Figures S27–S29 in
the ESM show the calculated free energy profiles for the activation
of  CO2 to  form  CO  or  HCOOH  at U =  0  V.  Clearly,  Cu2+1O
optimizes  the  kinetics  and thermochemistry  of  CO2 activation to
generate  CO  compared  to  Cu  metal  or  Cu2O  catalysts.  This
Cu2+1O catalyst  provides two essentially different active positions,
helping  to  stabilize  the  negative  charge  on  the  chemisorbed  CO2
(CO2-chem).  Notably,  although  the  order  of  CO  generation  is
Cu2+1O (111) > Cu (111) > Cu2O (111), respectively, where Cu2O
is  more  inclined  to  form  HCOOH,  Cu2+1O  (111)  and  Cu  (111)
generate CO at particularly low overpotentials, which is consistent
with previous results [50, 51].

Since  the  surface  adsorption  behavior  of  the  catalyst  is  closely
related to the electronic coupling between the 3d orbital of the Cu
catalyst  and  the  5σ  orbital  of  the  CO,  the  density  of  states  were
further  analyzed.  According  to  the  Blyholder  model  [52],  as
displayed in Fig. 5(b),  the project  density of  states (PDOS) shows
that  the  decrease  in  σ  orbitals  energy  and  the  increase  in  π*
orbitals energy resulting from the interaction of CO with the Cuδ+

site in Cu2+1O are substantially better than the CO on Cu0 site of
Cu2+1O.  Furthermore,  the  crystal  orbital  Hamilton  population
(COHP) analysis indicates that the interaction of CO with the Cuδ+

site  in  Cu2+1O  produces  significantly  fewer  antibonding  states
below  the  Fermi  level  than  the  interaction  of  Cu0 with  CO,
implying  that  Cuδ+ exhibits  stronger  CO adsorption  than  Cu0 (as
shown in the purple dashed box and the corresponding enlarged
part  of Fig. 5(b)).  In  addition,  the  ICOHP  values  verify  that  the
Cu–C (2.96  eF)  and C–O (10.90  eF)  bonds  on Cuδ+ are  stronger

 

Figure 4    In-situ Raman studies. (a) and (b) In-situ Raman spectra of c/a-CuOx

as a function of reaction time at −1.7 V vs.  RHE. (c) In-situ Raman spectra of
c/a-CuOx at the indicated potentials.  (d) The corresponding three-dimensional
(3D) plots of the Raman spectra and two-dimensional (2D) plots contour maps
of (c). A near-infrared laser (785 nm) was used as the excitation source. All the
spectra  were  collected  after  sufficient  electrolysis  time.  Each  spectrum  was  the
representative  of  multiple  measurements  at  different  time  scale  of  electrolysis.
CO2 was continuously flowed to the electrolyte during measurement.

 

Figure 5    DFT calculations. (a) Bader charge of Cu2+1O surface. (b) PDOS and COHP of CO adsorbed on the Cu2+1O surface’s Cu0 and Cuδ+ sites. (c) Loewdin charge.
(d) The C−C coupling step for Cu, Cu2+1O, and Cu2+1O. (e) Dominant path and associated reaction energetics identified for ethylene and ethanol production starting
with CO2 on the Cu2+1O surface at 0 V vs. RHE. Energy values are referenced to the CO2 (g), H+ (aq) + e− pair and a Cu2+1O surface. Color code: Cu, blue; O, red; C,
gray; H, white.
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than those  on Cu0 of  Cu–C (2.01  eF)  and C–O (9.37  eF)  bonds.
Also,  charge  analysis  (including  Bader,  Loewdin,  and  Mulliken)
indicates that CO adsorbed at the Cu0 site causes the Cu surface to
feedback electrons to CO. In contrast, CO adsorbed at the Cuδ+ site
is positively charged due to electron loss (Fig. 5(c) and Table S4 in
the  ESM).  Naturally,  for  the  activation  free  energy  of  CO*
coupling to generate OCCO*, the Cu2+1O (0.86 eV) shows an even
better improvement than the Cu (111) (0.99 eV) and Cu2O (111)
(3.11  eV)  surfaces  (Fig. 5(d)).  This  is  because  that  the  Cu2+1O
provides  two  different  adsorption  environments  for  CO*.  The
difference  in  CO*  positive  and  negative  charges  narrows  the
distance  of  CO*  coupling  (Fig. S30  in  the  ESM  illustrates  the
corresponding  structural  information)  by  electrostatic  attraction
and thus reduces the energy barrier of CO* coupling.

Based  on  the  above  structural  information,  we  further
elucidated  the  reaction pathway for  the  conversion of  CO2 to  C2
product  ethylene.  As  shown  in Fig. 5(e) (left  of  dashed  line),
starting with CO2, the optimal path for forming CO* in Cu2+1O is
CO2*_phy → CO2*_chem → COOH → CO, where CO2 activation
is  the  rate-determining  step  (RDS)  that  results  in  CO*,  and  the
activation  free  energy  to  overcome  is  0.27  eV.  Furthermore,  as
shown on the right side of the dashed line in Fig. 5(e) and Fig. S31
in the ESM, the production of ethylene from CO + CO is mainly
via CO + CO → OCCO → OCCOH → OCC → OCCH → OCCH2 →
HOCCH2 →  CCH2 →  C2H4 (g),  where  the  CO  coupling
determines the C2 production efficiency,  which is  consistent with
our in-situ Raman  results.  Since  CH2COH  has  been  regarded  as
an essential intermediate in forming the C2 product of ethanol or
ethylene [1, 2], our calculations also indicate that Cu2+1O prefers to
produce  ethylene  via  the  CH2C intermediate  rather  than  ethanol
via the CH2CHOH intermediate.

 4    Conclusions
In  conclusion,  we  have  demonstrated  a  structural  design
methodology  for  fabricating  CO2RR  electrocatalysts  with  high
selectivity  and  stability.  The  as-prepared  crystalline/amorphous
Cu2+1O/CuOx heterostructure  catalyst  possesses  abundant  Cuδ+

sites, thus delivering sufficient active sites for the stabilization and
enrichment  of  critical  intermediates.  The  c/a-CuOx exhibits  high
C2+ selectivity,  excellent  Faradaic  efficiency,  high  current  density,
and  long-term  cyclic  stability  in  CO2RR.  Furthermore, in-situ
Raman spectroscopy confirms the catalytic stability of Cuδ+ at large
CO2RR current densities. Theoretical investigation reveals that the
synergic  roles  of  adjacent  heterogeneous  active  sites  narrow  the
distance  of  CO*  coupling,  crucially  improving  the  catalytic
selectivity.  This  work  could  provide  new  guidance  for  designing
high-performance Cu-based catalysts for CO2RR.
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