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A copper—barium-decorated carbon nanotube nanocomposite was
designed to promote CO, reduction to C2 products (ethylene and
ethanol). We achieved a faradaic efficiency of 71% and partial current
density of 355 mA cm~2 at —0.7 V vs. RHE. Operando methods
revealed catalyst transformation and the catalytic mechanism.

The electrocatalytic carbon dioxide reduction reaction (CO,RR)
has been regarded as a promising avenue to convert undesirable
CO, into valuable products.”®* Among the possible products, C2
products, such as ethylene and ethanol, show a high market
price and scale.>* It is highly attractive to create these products
from air rather than to extract them from petroleum.
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Copper—barium-decorated carbon-nanotube
composite for electrocatalytic CO, reduction to C2
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Developing highly efficient electrocatalysts is essential in con-
verting CO,RR to C2 products. Copper is the only catalyst that
can reduce CO, to hydrocarbons.>*® However, the product
selectivity of Cu is poor, and the catalytic current density of
conversion into ethylene and alcohol at a high current density
decreases, thereby limiting profitability. Therefore, these
problems must be resolved for practical utilization of the
CO,RR.

Recently, numerous strategies using foreign atoms have
been employed to modify properties: defects created by Sn
atoms;'""* intermediate adsorption energies tuned by Ag or Au
atoms;"*™** control of oxidation state or regulation of adsorption
by rare-earth Ce atoms;'*"® p-d hybridization or interfacial
engineering by main-group elements.”?* These strategies
enable the faradaic efficiency and catalytic current density
toward the CO,RR to be obtained. Seitz et al. prepared a stron-
tium copper oxide catalyst (SrCuO,) that exhibited a faradaic
efficiency of 53% and a partial current density of 106 mA cm >
toward C2+ products at —0.83 V vs. RHE.”” They found that Cu
atoms were reduced to the metallic state with a low coordina-
tion number due to Sr incorporation, which improved the
selectivity towards C2+ products. When the Sr content was
increased further, the poor conductivity reduced the overall
catalytic activity. Thus, improving the conductivity of a catalyst
might boost the CO,RR performance towards multi-carbon
products.

Carbon nanotubes are excellent candidates to improve the
conductivity of a catalyst and charge transportation due to the
m—-electron conjugation, which benefits the catalytic current
density of the CO,RR.**** Inspired by the strategies of foreign-
atom doping and conductivity improvement, we designed
a copper-barium-decorated carbon nanotube nanocomposite
(CuBaCNT) to promote the activity of the CO,RR towards C2
products, including ethylene and ethanol (Fig. 1a). The
CuBaCNT electrocatalyst enabled a faradaic efficiency of 71%
and a partial current density of 355 mA cm > to C2 products at
—0.7 Vvs. RHE, which was superior to the benchmark sputtered
Cu at the same catalytic current density (faradaic efficiency of
48% and partial current density of 241.65 mA cm™>). Unveiled
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Fig. 1 (a) Copper—barium-decorated carbon nanotube nano-
composite (CuBaCNT) for the carbon dioxide reduction reaction
(schematic). (b) Transmission electron micrograph and (c) selected
area electron diffraction pattern of CuBaCNT. (d) Fourier-transformed
extended X-ray absorption fine structures of CuCOs, CuBaCOs, and
CuBaCNT. The interatomic distance is presented without phase
correction. (e) Wavelet analyses of CuBaCNT.

by two-dimensional resonant inelastic X-ray scattering (RIXS)
and operando spectroscopy, this remarkable enhancement was
attributed to the regulation of 3d orbitals of Cu by doped
barium atoms, rapid reduction of Cu cations owing to the
conductive carbon nanotube composite, and the appearance of
extra reaction intermediates.

We synthesized CuBaCNT via co-precipitation of Cu and Ba
ions by sodium carbonate onto functionalized carbon nano-
tubes in an ice bath. Sodium carbonate was utilized because the
Ksp of CuCO; and BaCOj; are both very low (1.4 x 107'° and 5.1
x 10~°, respectively) to prevent redissolution of precipitates. We
also prepared CuCO; and CuBaCO; as control groups. The
microstructure in Fig. S1f shows CuCO; and CuBaCOj; to be
nanoparticles of diameter ~50 nm, and the nanoparticles
adhered to carbon nanotubes for CuBaCNT. Energy dispersive
X-ray (EDX) microanalysis displayed the uniformity of Cu and
Ba in these electrocatalysts, but no Ba distribution in CuCOj;
(Fig. S27). Inductively coupled plasma-mass spectrometry (ICP-
MS) revealed the percent Ba/Cu of CuBaCO; and CuBaCNT was
8.6% and 9.5%, respectively, consistent with the ratio of the
precursor. These data indicated that sodium carbonate could
restrain the cation redissolution effectively (especially for Ba*").

Fig. 1b and S31 show high-magnification transmission
electron microscopy (TEM) images. CuBaCO; nanoparticles
were anchored on the carbon nanotubes in CuBaCNT, which
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should facilitate the interfacial interaction among Cu, Ca, and
CNT and regulate the catalytic behavior. Fig. 1c revealed diffuse
rings in the selected area of the electron diffraction image of
CuCO;, CuBaCO;, and CuBaCNT, showing the amorphous
nature of these electrocatalysts, which was confirmed by
synchrotron X-ray diffraction patterns (Fig. S4t). To identify the
amorphous structure,”**” we analyzed the Cu K edge-extended
X-ray absorption fine structure (EXAFS) (Fig. 1d) of these elec-
trocatalysts: only the Cu-O path, without the second Cu-Cu
path, was shown (2.4-2.8 A). This observation implied that the
surrounding large carbonate anions increased the interatomic
Cu-Cu distance. The lower intensity of the first peak in
CuBaCNT could be attributed to the coordination between Cu
ions and CNT surface. Wavelet analyses (Fig. 1le) verified the
peak around 1.42 A to be the Cu-O path rather than the metallic
Cu-Cu path because the middle point of the first region was
located at less than 7 A~'2®?*° and the atomic structure of
CuBaCNT was entirely dissimilar to that of Cu,0O and CuO
(Fig. S57).

Next, we examined the valence state of these electrocatalysts
using X-ray absorption near-edge structure (XANES) (Fig. 2a).
The near edge of these electrocatalysts was located between
Cu,0 and CuO, suggesting the oxidation state to be between 1
and 2. We compared the inflection points of the spectra with the
standards and obtained the exact valence state of +1.9 for the
three electrocatalysts (Fig. S61). A binding energy of 934.5 eV for
Cu 2p3,, and 953.8 eV for Cu 2p,,,, accompanied by shake-up
satellite peaks (942.5 and 962.5 eV), in X-ray photoelectron
spectroscopy (XPS) (Fig. 2b) inferred a valence state of +2.0,
consistent with XANES results.**** The Cu 2p satellite peaks
(which originated from the electron transfer from the
surrounding ligands to the 3d orbitals of Cu®®) of Ba-
containing electrocatalysts were divergent from that of CuCOs;.
This finding implied that the 3d orbitals of Cu had hybridized
with Ba atoms, and that the catalytic behavior would be altered.
Hence, we studied the 3d conduction band of Cu using Cu L-
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Fig. 2 (a) X-ray absorption near-edge structures and (b) X-ray
photoelectron spectroscopy of CuCOs, CuBaCOs, and CuBaCNT. (c)
Two-dimensional 1s3p RIXS plane of CuCOs, CuBaCOs, and CuBaCNT
(energy transfer from 3d to 3p of Cu orbitals).
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edge XAS spectra (2p — 3d) (Fig. S71).***® The coordination
environment of copper in CuCO; was a distorted square pyra-
midal (Fig. S8). Hence, the white-line-height augmentation of
Ba-containing electrocatalysts meant that the electron transfer
from d,»_,» of copper to Ba ions was due to orbital hybridiza-
tion.*® Next, we conducted 1s3p RIXS to explore the 3d valence
band of Cu.?”*® After exciting a 1s core electron, we measured Kf3
fluorescence to analyze the energy transfer from 3d to 3p
orbitals of the two-dimensional 1s3p RIXS plane (Fig. 2c), which
provided more information regarding the divergence of 3d
orbitals.**** The RIXS plane of CuCO; showed an energy-
transfer peak at 90 eV for an incident energy of 8991 eV,
whereas CuBaCO; and CuBaCNT exhibited an energy-transfer
peak at 95 eV for an incident energy of 8997 eV. These data
unveiled the distinctive 3d orbitals of these electrocatalysts and
revealed hybridization of the 3d orbitals of Cu with Ba atoms.
Redox behavior in cyclic voltammetry reflects the valence band
of an electrocatalyst. Their redox peaks differed from each other
(Fig. S91), which corresponded to XPS, XAS, and RIXS results.
We believe the intense interaction among Cu, Ba, and CNT
could regulate and improve the selectivity and activity of the
CO,RR significantly.

Next, we evaluated the CO,RR performance of these elec-
trocatalysts in KOH (1 M) in a flow cell. CuCOj electrocatalysts
showed an optimal faradaic efficiency of 67.8% and partial
current density of 203.3 mA cm™? to C2 products at 300 mA
em > (Fig. 3a). Hydrogen evolution increased at a current
density > 500 mA cm ™. Incorporation of Ba atoms into CuCO;
as the CuBaCOj; electrocatalyst and optimizing the Ba content
(Fig. S107) led to superior activity: faradaic efficiency of 73.1%
and partial current density of 292.4 mA cm™ > to C2 products at
400 mA cm 2 (Fig. 3b). These data suggested that barium atoms
regulate the 3d orbitals of Cu and enhance the CO,RR activity.
However, when we attempted to increase the catalytic current
density to >500 mA cm 2, the catalytic performance of CuBaCO;
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Fig. 3 Faradaic efficiency of (a) CuCOs, (b) CuBaCOs, and (c)
CuBaCNT at various current densities for the CO,RR in a flow cell.
Error bars represent 1 standard deviation on the basis of three inde-
pendent measurements. (d) Partial current density to C2 products
(ethylene and ethanol) vs. applied potential.
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decreased markedly. This phenomenon was associated with
poor conductivity due to addition of an alkaline-earth element.
As we increased the catalytic current density to 600 mA cm ™2,
the GDE flooded rapidly. To resolve this conductivity issue for
augmenting the catalytic current density, we deposited
CuBaCOj; onto the functionalized carbon nanotubes. After
optimizing addition of the carbon nanotubes and Ba content
(Fig. S11 and S127), we achieved a faradaic efficiency of 70.9%
and partial current density of 354.6 mA cm > to C2 products at
500 mA cm* (Fig. 3c). The partial current density to C2 prod-
ucts of CuBaCNT was 74.4% higher than that of CuCO3, 21.3%
higher than that of CuBaCO;, and 40.8% higher than the
benchmark sputtered Cu and numerous electrocatalysts in the
literature (Fig. S13, 3d, and Table S17).'¢'7?23>41-%5 CyBaCNT
exhibited this outstanding activity only at —0.7 V vs. RHE, which
was also lower than the benchmark sputtered Cu (Fig. 3d).
CuBaCNT maintained acceptable stability at a continuous
operating current density of 500 mA cm™” (Fig. S141). Thus,
CuBaCNT was an outstanding electrocatalyst showing superb
selectivity and activity toward C2 products.

Operando spectroscopy allowed us to investigate material
evolution and reaction intermediates during the CO,RR. We
conducted operando Cu K-edge X-ray absorption spectroscopy
(XAS) of electrocatalysts using our specially designed flow cell,
which provided the equivalent catalytic environment with the
electrochemical reactor.”® CuCO; maintained a similar chem-
ical state of Cu at —0.5 V vs. RHE compared with the unbiased
situation (Fig. 4a), and the valence state was fitted as 1.87. When
we increased the voltage further, CuCOj; transformed to metallic
copper swiftly, and an evident Cu-Cu metallic bond formed
(Fig. S147). In contrast, the chemical state of Cu in CuBaCNT
was reduced promptly from +1.9 to +0.5 at —0.5 Vvs. RHE, and it
became nearly 0 at a higher negative voltage (Fig. 4b). The Cu-
Cu metallic bond also appeared speedily (Fig. S15t). This was
because addition of the carbon nanotubes promoted the overall
conductivity and formed a conductive network, so electrons
were transported to electrocatalysts efficiently, thereby acceler-
ating the reduction of copper and the catalytic rate. This finding
also implied that improving conductivity was crucial to highly
efficient CO,RR systems. We also investigated the change in
morphology and structure of CuBaCNT after the CO,RR
(Fig. S16 and S177%). Copper in CuBaCNT reduced to a poly-
crystalline metallic state, consistent with the operando XAS
results.

We were also interested in whether the catalytic mechanism
was changed in these systems. Hence, we undertook operando
Raman spectroscopy using a specially designed flow cell in
which the working electrode was separated by an anion-
exchange membrane. First, we analyzed the Raman spectra of
CuCO; (Fig. 4c). We did not observe any intermediates at
a negative voltage lower than —0.32 V vs. RHE, but a prominent
peak at 1017 cm ™, representing the C-OH stretch of HCO;>~ on
the Cu surface,’>* appeared at a higher negative voltage.
Interestingly, we did not detect the symmetric stretch of the
intermediates of CO;>~, which is commonly seen in copper/
copper oxide systems.**** This finding might indicate that
CuCO; continued to follow a different catalytic CO,RR
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Fig. 4 Operando X-ray absorption near-edge structure and valence-state analyses of (a) CuCOsz and (b) CuBaCNT during the CO,RR in a flow
cell. Operando Raman spectroscopy of (c) CuCOsz and (d) CuBaCNT. The voltage is vs. RHE.

mechanism compared with typical copper -catalysts. For
CuBaCNT, we monitored the peak at 297 cm > (assigned as the
restricted rotation of adsorbed CO on the Cu surface*) and the
peak at 600 cm > (identified as the Cu-O,q stretch®) at a nega-
tive voltage lower than —0.39 V vs. RHE (Fig. 4d). In this initial
stage of the CO,RR, the Cu 3d,. orbital interacted with the
carbon 2p, orbital in adsorbed CO (Fig. S18t). Electron transfer
from Cu 3d,2_,» to barium ions reduced the electron repulsion of
carbon 2p, and 2p,, which is covalent with oxygen as a triple
bond. Thus, the adsorbed CO would coordinate with Cu more
readily than CuCO;. At a higher negative voltage, the peaks at
297 ecm 2 and 600 cm ™2 disappeared, and a peak at 1017 cm™*
appeared. Thus, the adsorption behaviors between CuCO; and
CuBaCNT were divergent.

Based on the discoveries proffered by operando XAS and
Raman spectroscopy, the different catalyst transformations and
intermediate adsorption might be related to the different 3d
electron configurations of Cu between them. We believe that the
distinctive intermediates of adsorbed CO on the Cu surface and
Cu-0,g4 stretch led to the excellent catalytic activity of CuBaCNT.

In conclusion, we designed CuBaCNT that achieved a fara-
daic efficiency of 71% and partial current density of 355 mA
em 2 to C2 products at —0.7 V vs. RHE. We undertook RIXS,
operando XAS, and Raman spectroscopy to ascertain if
conductive nanotubes could reduce Cu cations promptly and
facilitate the catalytic rate, and if regulation of the d orbital of
Cu by doped barium atoms altered the catalytic behavior; these
features led to the superb CO,RR activity of CuBaCNT. This
strategy for material design of CuBaCNT to boost the selectivity
and activity for the CO,RR could accelerate the progress towards
its practical application.
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