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Products Analysis

For the gas phase analysis, the saturating gas (Ar or CO;) was continuously bubbled through the
electrolyte and analyzed on-line using an Agilent 7890 gaschromatograph equipped with a 10-way valve
for injection and 2 analytical lines. CO possibly produced has been analyzed using a Permanent Gas/CO>
column (parallel columns MolSieve SA 10m x 0.32 mmID and PoraPlot Q 60m x 0.53mm ID) with He
as carrier and connected to a methanizer and a FID detector. H> has been monitored using a MolSieve SA
(30m x 0.53 mm) column using Ar as carrier and connected to a TCD detector.

Qualitative analysis of formed HCO; has been performed by SPME-GC/MS analysis. A Supelco fibers
coated with Carboxen/Polydimethylsiloxane (CAR/PDMS, thickness 75 um) has been employed for
SPME extraction. After preconditioning before the day’s analyses, a new 1-cm CAR/PDMS fiber in a
manual injection holder has been used for FA extraction by the static headspace method. During this step,
the solution of HNOs 0.1M after electrocatalytic reduction of CO; has been transferred into a 10 mL vial,
sealed with a screw cap and heated at 50 °C. Adsorption of FA has been performed exposing the fiber for
15 min in the vial headspace. The adsorbed molecules have been desorbed by introducing the SPME fiber
into the injector of a 7890 Agilent gaschromatograph, set at 270 °C in splitless mode for 2 min. FA has
been analysed using a DB-522ms column (J&W, 60 m x 0.32 mm ID, 20 pm film), using He as carrier
gas. The mass spectra of the eluted FA have been acquired using a 5975C Agilent mass spectrometer,
connected at the end of the GC column. Quantification of formic acid from CO; reduction is detected by
analysis of the liquid phase after prolonged electrolysis by Ionic Chromatography. After each electrolysis,
small amounts of solution (2 mL) are extracted from the electrochemical cell and immediately analyzed.
The pH of each aliquot has been corrected with H2SO4 following a standard procedure. The formic acid
was quantified at the end of the electrolysis using a Metrohm 883 instrument equipped with a
conductometric detector and a Metrosep A Supp5 250/4.0 column using a NaHCO3 ImM / NaxCOs 3.2

mM solution as mobile phase.
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Transmission electron microscopy (TEM)

HRTEM and STEM in high-angle annular dark-field mode (HAADF) were performed on a JEOL JEM-
2200FS microscope, working at 200 kV. The elemental maps for cerium and carbon (Figure 2B) were
acquired with EDXS on the same microscope. In the STEM-HAADF images and tomography projections,
an inner cutoff angle of the STEM detector >100 mrad was chosen, to reduce the contribution from
coherent contrast to the minimum and to enhance chemical contrast. The 3D tomography reconstruction
(Figure 1B) was obtained by weighted back projection (WBP) followed by simultaneous iterative
reconstruction technique (SIRT) with 20 iterations from a series of 53 projections acquired from —40° to
+64° with 2° tilt step. Energy-filtered imaging (EFTEM) was performed by using an in-column omega
filter, for further chemical mapping of carbon, oxygen, and cerium (from the C-K ionization edge at 284
eV, O-K edge at 532 eV, and Ce-N edge at 110 eV, respectively).

Thermogravimetric analysis (TGA)

TGA of approximately 1 mg of each compound is recorded on a TGA Q500 (TA Instruments) under air,
by equilibrating at 100 °C, and following a ramp of 10 °C min ! up to 800 °C.

RAMAN spectroscopy

Raman spectra are recorded with an Invia Renishaw microspectrometer (50) equipped with He—Ne laser
at 532 nm. To avoid sample damage or laser-induced heating/crystallization of the materials, the incident
power was kept at 1 % (full power of the laser is 100 mV). Powders are dispersed in EtOH, drop-cast
onto a quartz slide and the solvent evaporated; at least 5 spectra per sample are recorded on different areas
of the sample in order to check the uniformity of the materials.

X-Ray photoelectron spectroscopy (XPS)

In order to validate the changes in the Ce surface valance chemistry, X-ray photoelectron spectroscopic
(XPS) analysis was performed on bulk-CeO2, nano-CeO, and CNT-CeO; at optimized conditions.!
Figure 2 shows the deconvoluted XPS Ce 3d spectra. In this figure, v’, v, u’, and u peaks are the

characteristic peaks of Ce*"; while v, v’", v""’, u, u’’, and u’’’ are attributed to Ce*" ions.
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A semiquantitative analysis for the Ce*" concentration can be provided by the Equation SI considering
the integrated area of the different components of the fitted Ce 3d core level spectra:

Av0 + Av' 4+ Au0 + Au’

Ce3 +] = 0+ A0 T A0 + 4v" + Au0 + Aw ¥ Au” & Aw”

(51)

Where 4 is the integrated area of peak (Table S1).

Table included in Figure 2 lists the peak position for all analyzed samples and the Ce*" concentration. All
analyzed samples showed a similar Ce*" concentration.

XPS measurements were performed in a SPECS Sage HR 100 spectrometer with a non-monochromatic
X ray source of Aluminum with a Ka line of 1486.6 eV energy and 300 W. The samples were placed
perpendicular to the analyzer axis and calibrated using the 3d5/2 line of Ag with a full width at half
maximum (FWHM) of 1.1 eV. An electron flood gun was used to compensate for charging during XPS
data acquisition. The selected resolution was 30 and 15 eV of Pass Energy and 0.5 and 0.15 eV/step for
the survey and high resolution spectra, respectively. All binding energies were referenced to the
component Ce 3d 3/2 1’’’ 916.70 eV.? Fitting of the XPS data were done using CasaXPS 2.3.16 PR 1.6
software. For our data, the Shirley-type background subtraction was used and all curves were defined as
40% Lorentzian, 60% Gaussian. Atomic ratios were computed from experimental intensity ratios and
normalized by atomic sensitivity factors.

X-Ray absorption spectroscopy (XAS)

MWCNT@CeO; powder has been grinded to fine powder and 10 mg have been mixed with 50 pl of
deionized water and 50 pl of commercial 5 wt % Nafion perfluorinated resin solution (Merck). The
suspension has been sonicated for 30 minutes; finally, a drop of 50 ul has been put on a Highly Oriented
Pyrolytic Graphite (HOPG) window (Goodfellow cat. C 000200/2), and let dry at 60°C in air. The window
has been installed on a PECC-2 photo-electrochemical cell from Zahner-elektrik Gmbh as used in
previous experiments.*” The cell was equipped with a Ag/AgCl reference electrode and it has been filled
with HNO3; 0.1M in water. The solution has been bubbled with high purity Ar before and during the
experiment. Measurement and control of potential has been achieved with a BioLogic Potentiostat. All

X-ray absorption measurements have been performed at SAMBA (Synchrotron SOLEIL): Si 220 sagittaly
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bent monochromator and two Pd mirrors set at 7.5 mrad incidence angle ensured monochromaticity of
the beam and focusing, while IC-SPEC (FMB-Oxford) ionization chambers filled with a mixture of
nitrogen and helium were used to monitor beam intensity, fluorescence detection has been performed
with a pixelated (6x6) Ge detector (Mirion) with DxMap digital signal processors (XIA). Monochromator
energy scale was calibrated versus a pure Cr foil (GoodFellow). EXAFS data analysis has been performed
with the IFeffit® and Feff8.4° software.

Inductively coupled plasma-optical emission spectrometry (ICP-OES)

ICP-OES (Optical emission spectrometry) analysis was recorded on an Optima 8000 Perkinelmer
instrument.

CO:2 absorption.

The absorption and interaction of CO, with MWCNT@CeO:2 has been revealed by CVs and EIS,
following the different behavior of surface capacitance in the presence or absence of CO; in solution. By
scanning the potential at different scan rates (v) in a region where only capacitive currents are present,
e.g. no faradaic reactions occur, it is possible to determine the capacitance of the electrode from the slope
of a current vs. v plot, that is a capacitance by definition. CVs both in Ar- and CO;-sat solutions were
recorded in the potential range £50 mV vs. OCP. The fittings give values of 4.1 mF cm™ and 2.4 mF cm’
2 when the solution is degassed with CO> or Ar respectively. Also, from EIS recorded at OCP,
MWCNT@CeO2 displays a different response when CO; is dissolved in solution. From the Bode plot of
Figure S9d is possible to see two different time constants in Ar-saturated solution that merge in a single
one in the presence of CO». It is also possible to notice that the solution resistance (Log|Z| values at high
frequencies) in a CO»-sat solution increases by almost 50 Ohm (78 Q vs. 123 Q). This effect is probably
caused by surface absorption of CO2 molecules that increase electrode’s resistivity.

Additionally, room temperature CO2 chemisorption experiments were performed on a ASAP 2020C
apparatus in the pressure range 10-800 Torr. Typically, 50 mg of samples were degassed at 150 °C for 12

h before the experiment.
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Characterization in Phosphate Buffer

The redox activity of CeO: can be followed by CVs in 0.1M Phosphate Buffer (PB) solution (pH = 6.8).
When Ce*' is reduced to Ce** (equation S2) in the presence of phosphate anions, the slow chemical
equilibrium of CePO4 formation takes place. This phosphate specie can then be electrochemically re-

oxidized and its related redox process (equation S3) appears in cyclic voltammetry, with Ei»= +0.5V

Ag/AgCL
2 CeO2 (surface) T 2¢+2H — Ce203 (surface) T HO (Sz)
CG3(PO4)4 (surface) T 3¢e+3H" 5 3 CePOq4 (surface) T H3POq4 (83)

The occurrence of these surface processes, reported by Cummings et al. on CeO2 nanoparticle films,'°
enable to determine the amount of electroactive CeO; present on the electrodes. This allows to obtain the
turnover frequency for MWCNT@CeQ2 (see later) after normalization of the detected formic acid by
the quantity of electroactive catalyst. The voltammetric peaks with Eio=+0.5V Ag/AgCl reach a steady
intensity after 15 cycles and their integration reveals a charge of both oxidation and reduction process of
43 pC. Considering the total amount of CeO, deposited on the electrode within the nanocomposite
MWCNT@CeO2, and the charge related to redox process A, we estimate that ~20% of the deposited
CeO:2 is electrochemically active. The formation of this surface equilibrium involving phosphate anions
is however a major drawback with respect to the electrochemical CO> conversion in this particular
electrolyte. The voltammetric response of a CO»-saturated 0.1M PB decreases with potential cycling, and

43+ reduction and CO»

after 20 cycles almost no faradaic current is observable anymore. Both Ce
reduction occur in the scanned potential window, but after complete formation of surface CePO4 also CO»
reduction is suppressed.

Electrochemical characterization of CeO2

Films of nanocrystalline CeQz are prepared with the same procedure mentioned in the main text, adjusting
the amount of the dropcast in a way that the same weight of oxide powder is deposited on the electrode.

In this way is possible to directly compare the electrochemical behavior of MWCNT@CeO2 and CeQa.

Comparison of the CVs shows how the redox process at E1,=+0.5V Ag/AgCl disappears on CeOx films,
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and how the overall capacitive current is reduced in the latter case. The suppression of any faradaic current
is somehow surprising but reveal the fundamental role of CNTs in transferring charge from the underlying
glassy carbon (GC) electrode throughout the nanocomposite film and finally to the surface of CeO. With
thick film of nanocrystalline CeO: is not possible to observe the redox process related to the formation of
the surface specie CePO4 (equation S3), while in the case of MWCNT@CeO: the nanometric shell of
ceria around CNTs is thin enough to enable charge transfer. The same characterization of CO; absorption
detailed previously in HNO3 0.1 M does not reveal any change in capacitive current after saturation of
the solution with CO; instead that with Ar. Another peculiarity of CeO: films is a general decrease of
capacitive current, observed also with respect to a bare GC electrode. Therefore, the general reduction of
capacitance is not solely related to a reduction of the electroactive area, but also reflects changes in the
electronic properties of the oxide film. It is well known that layer of insulators (e.g. oxide, self-assembly
monolayer, etc.) on top of metallic electrodes reduce the capacitive current. It is likely that thick films of
un-doped nanocrystalline CeO: behave in this way reducing the surface capacitance by increasing the
distance between the regions of excess charge.

Tafel plot.

The observed decrease in faradaic efficiency for HCOOH production at high overpotential is evidenced
also by the change in slope in the Tafel plot. Data refer to steady-state chronoamperometry measurements.
As long as concerned the potential region near the thermodynamic potential E® [CO»/FA], both methods
are consistent and give the same slope. As the potential is made more cathodic, the change in slope reflects
the transition between a kinetic limited region, with slope of 260mV dec™!, where the production of formic
acid is higher, to one with more facile kinetics, slope of 140 mV dec’!, associated to a predominant
hydrogen evolution reaction. In the low overpotential region multiple processes occur and participate
together to COz conversion (i.e. CeOx reduction, CO> absorption, proton absorption), resulting in a high
Tafel slope, that also strongly depends on the state of the electrode surface and on the presence of surface

4+/3+

redox couples (i.e. Ce*"’°") and functional groups. For this reason, we corrected the current density for the

FE in order to consider only the contribution due to the CO2RR. In the “high overpotential” region
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hydrogen evolution becomes the dominant process: the corresponding Tafel slope of 140mV dec,
suggests several possible rate-limiting steps with kinetics possibly limited by a slow Volmer adsorption
step (H" + € — Hads), plausible with the competition between Hags and CO; ads for same sites on the oxide

surface.
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Figure S4. Energy-filtered transmission electron microscopy (EFTEM) of the MWCNT@CeO, showing the Ce
(green) and the structure of MWCNT (blue).
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Figure S5. Raman spectra of the nanohybrids. Raman spectra of ox-MWCNTs, 0ox-MWCNTs@CeO: fresh and
MWCNTs@CeO; calcined.
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Table S1. XPS Integrated area of peak individual components of the Ce 3d spectra for the different Ce-based

samples.
Sample Component Position (eV) FWHM % Area.

Ce3d52v 882.49 2.696 21.93
Ce3d3/2u 901.07 2.055 10.36
Ce3d5/2v" 888.32 4.878 15.26

Ce3d3/2u" 907.46 4.497 7.05

bulkCeOs Ce3d 52 v" 898.35 2.638 20.6
Ce3d3/2u" 916.7 2.628 14.25

Ce3d52v' 884.89 2.7 4.51

Ce3d32u 903.19 2.7 3.02

Ce3d5/2v0 87972 288 1.81

Ce 3d 3/2 u0 898.4 2.88 1.21
Ce3d5/2v 882.19 2.024 12.39

Ce3d3/2u 900.71 2.024 8.3
Ce3d52v" 888.4 4.508 1391

Ce 3d3/2u" 907.44 5 9.32
CeOsNPS Ce 3d5/2v" 898.2 2.752 18.36
Ce3d3/2u" 916.7 2.752 12.3
Ce3d52v 884.13 32 13.08

Ce3d32u 902.28 3.4 8.76

Ce3d5/2v0 880.37 1.925 2.15

Ce 3d3/2u0 898.5 1.925 1.44

Ce3d 52 v 882.06 1.993 9.51

Ce3d32u 900.65 1.993 6.37
Ce3d5/2 4" 888 481 14.25

Ce3d3/2u" 907.1 5.5 9.55

Ce 3d 5/2 y" 898.15 2715 16.2
MWENT@CeO> — = — . 916.7 2715 10.85
Ce3d 52y 883.88 3.8 17.77

Ce3d3u 902.1 3.8 11.91

Ce 3d 52 v0 880.19 2353 2.16

Ce 3d3/2 10 899 2353 1.45
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Figure S7. Recovered catalyst. Top: Representative TEM (A, B and C) and STEM-HAADF (D) micrographs of
the recovered MWCNT@CeO; after electrolysis; bottom: HRTEM of the nanocomposite, with higher

magnification of an area showing crystalline CeO» nanoparticle with the corresponding Fast Fourier Transform

(FFT) indexed to crystalline CeOs.

>

Ce3d

Counts per second / a.u.

Survey

¥ T L4 T Y T b3 T v L] » T b T
1400 1200 1000 800 600 400 200 0
BindingA&nergy / eV

Counts per second / a.u.

s Raw
Ceh
—Ce™
~— Envelope

T b T e T ¥ T L3 T o T e T
930 920 910 900 890 880 870
Binding Energy / eV

Figure S8. Post-catalysis XPS of the recovered catalyst. A) Survey spectrum of the recovered MWCNT@CeO»

catalyst; B) Fitted XPS spectrum of Ce 3d core level.
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Table S2. XPS Integrated area of peak individual components of the Ce 3d spectra for post-catalysis

MWCNT@CeOs.
Ce 3d 52 (eV) Ce 3d 32 (eV)
| 3+
Samp e V" v VI V” VIII uo u ul u” ulll [Ce ]
MWCNT@CeF)z 881.05 | 882.52 | 884.25 | 888.32 | 898.15 | 898.62 | 900.79 | 902.18 | 907.51 | 916.7 | 0.27
(post-catalysis)
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Figure S9. LSV at2 mV s! (a) and CV at 50 mV s™! (b) for the nanostructured catalyst MWCNT@CeO> in a CO»-
saturated (red signal), Ar-saturated (blue signal) and ox-MWCNT in a CO»-saturated (black signal) electrolyte
solution. Electrolyte: HNOs; 0.1 M. Potentials are reported vs. RHE and are corrected for the uncompensated

resistance.
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the CORR using isotope labelled CO; (see Products Analysis description for more details). Gas chromatogram
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Figure S11. Faradaic Efficiency of MWCNT@CeO; and ox-MWCNT for FA production in CO; at the two
different potentials of -0.3 V and -0.2 V. Electrolyte: HNO3 0.1 M. Potentials are reported vs. RHE and are corrected

for the uncompensated resistance.
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in the real component of impedance are displayed by the continue lines. Electrolyte: HNOs 0.1 M.
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Sample CO: adsorbed
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MWCNT/CeO; 0.0013
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cycle is plotted, with highlighted the charge related to the process of eq. 3. Potential are reported vs. Ag/AgCl sat.
Scan rate = 50mV s, PB 0.1M, pH=6.8.
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Figure S16. 1° (red line) and 20" (black line) CV scans of MWCNT@CeO, in PB 0.1 M, scan rate 50mV s’
Potential are reported vs. RHE.
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Figure S17. comparison between MWCNT@CeO; (black curve) and CeO; (green curve) behavior in Phosphate
Buffer. Scan rate = 50mV s, PB 0.1M, pH=6.8.
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Table S4: formic acid detection with ionic chromatography after electrolysis for MWCNT@CeQ>. The mean
value of two subsequent analysis, converted to concentration of formic acid, has been used for the calculation of

faradaic efficiency and turnover frequency. Potentials are reported vs. RHE.

Analysis #1 / ppm Analysis #2 / ppm
#1 (E=-0.22V) 3.041 3.085
#3 (E=-0.32V) 2.872 2.891
#2 (E=-0.42V) 2.137 2.133
#4 (E=-0.52V) 0.335 0.258
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Figure S18. Faradaic Efficiency of MWCNT@CeOQ; for H, production in CO; (blue) and Ar (black) saturated
solution as a function of the potentials. Electrolyte: HNO3 0.1 M
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Figure S19. Stability of the nanohybrids. (a) Formic acid production and (b) FE as a function of the time.
Overpotential (n) =-0.02 V. Time chosen t=1, 2, 6, 12, 16 h. MWCNT@CeO2: 85 pg cm?, 170 pg cm?, 340 pg

cm”.
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Figure S20. Tafel plot for MWCNT@CeO; extracted from the CA data of Figure 4c. Red dots refers to current
data obtained for HER by correcting the current density for the HER FE and the corresponded overpotential is
related to the E” ugr (N= Eapp-E” [H2/H'], where E” [Ho/H+] = 0V RHE.) Black dots refers to current data obtained
for CO2RR by correcting the current density for the CO,RR FE and the corresponded overpotential is related to the
E’ [COo/HCO:H] (n= Eqpp-E’ [CO/HCO,H], where E’ [CO./HCO,H] = -0.2V RHE.) Electrolyte: HNO3 0.1M.
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Table S5. Comparison between the electrochemical performances of the nanohybrids MWCNT@CeO; with other
recently reported, highly active for the production of FA, CO;RR.

Catalyst Overpotential (V) ?i(;{:) Reference
MWCNT@CeO: 0.02 65 This work

Cu-S 0.5 80 1
Sn/Sn02 0.7 19 12
SnO: 0.765 69 13
Sb 0.245 30 14
Co oxide 0.229 85 15
PdPt NPS 0.065 20 16
Pd NPS 0.207 97 17
AuPd 0.845 10 18
PANP@CNHs 0.1 40 19
N-doped CNT 0.985 85 20
NP@SnO: 0.88 61 2
NW@ SnO: 0.78 87 2z
Sn@MHKTs 0.78 95 2
Bi@MHKTSs 0.78 92 2
Pb@MHKTs 0.78 85 2
SnSe:@carbon cloth 0.54 88 2z
Bi nanosheet 0.55 95.9 24
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Figure S21. Direct comparison of FE for HCOO™ generation for MWCNT@CeO; nanohybrid (red dot) together
with other recently reported heterogeneous electrocatalysts. Faradaic Efficiency of MWCNT@CeQ; for formic
acid production at -0.02 overpotential (1) (N= Eapp - E° [CO2/HCO,H] - is x R, where E.p, is the potential applied
to the catalyst substrate corrected for the uncompensated resistance and E° [CO,/HCO,;H] = -0.2 Vrug). The data
are adapted from: for catalyst based on p-metals (blue squares) ref. 11 Cu-S (2018), ref. 12 Sn/Sn0O, (2012), ref. 13
SnO; (2015), ref. 14 Sb (2015), ref. 15 Co oxide (2016), ref 21 NP@SnO, (2020), ref 21 NW@SnO- (2020), ref
22 Sn@MHKTs (2019), ref 22 Bi@MHKTs (2019), ref 22 Pb@MHKTs (2019), ref 23SnSe@carbon cloth (2019),
ref 24 Bi nanosheet (2019); for catalyst based on d-metals (black diamonds) ref. 16 PdPt NPS (2015), ref. 17 Pd
NPS (2016), ref. 18 AuPd (2015), ref. 19 PANP@CNHs (2018); for carbon-based catalyst (green triangle) ref. 20
N-doped CNT (2014).
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Figure S22. HRTEM (left) and corresponding EFTEM of a typical CNH@CeO; nanohybrid particle. The EFTEM

confirms the achieved interface between the carbon and the metal oxide.
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Figure S23. HRTEM and corresponding Fast Fourier Transform (FFT) in a selected area of the nanohybrid,

confirming the layering of crystalline CeO; on the carbon scaffold.
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Figure S24. Chronoamperometry for the nanostructured catalysts MWCNT@CeO; (red line) and CNH@CeO; in
HNOs3 0.1 M at an overpotential of -0.12 V.
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