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ABSTRACT: Surface-sensitive ambient pressure X-ray photo- ISOPROPANOL
electron spectroscopy and near-edge X-ray absorption fine : Largely inactive
. . . .. Few layers FeOOH A co,
structure spectroscopy combined with an electrocatalytic reactivity Electrocatalytic active \& x
study, multilength-scale electron microscopy, and theoretical }
modeling provide insights into the gas-phase selective reduction Dissolved . 7
of carbon dioxide to isopropanol on a nitrogen-doped carbon- carbon "2
supported iron oxyhydroxide electrocatalyst. Dissolved atomic HYv
carbon forms at relevant potentials for carbon dioxide reduction
from the reduction of carbon monoxide chemisorbed on the N's‘tes!e!-lé-{
surface of the ferrihydrite-like phase. Theoretical modeling reveals \
that the ferrihydrite structure allows vicinal chemisorbed carbon
monoxide in the appropriate geometrical arrangement for coupling.
Based on our observations, we suggest a mechanism of three-carbon-atom product formation, which involves the intermediate
formation of atomic carbon that undergoes hydrogenation in the presence of hydrogen cations upon cathodic polarization. This
mechanism is effective only in the case of thin ferrihydrite-like nanostructures coordinated at the edge planes of the graphitic
support, where nitrogen edge sites stabilize these species and lower the overpotential for the reaction. Larger ferrihydrite-like
nanoparticles are ineffective for electron transport.
KEYWORDS: N-doping, XPS, CO,RR, Fe oxyhydroxide, C—C coupling

B INTRODUCTION

starting from nonmetallic nanoparticles (such as oxides

The electrocatalytic conversion of CO, to chemicals and fuels
is currently one of the challenging frontiers of research from
both application and fundamental perspectives." While earlier
studies focused on the production of C; compounds, there has
been increased interest in the direct formation of higher-
added-value C,, products (compounds with more than two
carbon atoms).?

Earlier studies on the electrocatalytic CO, reduction
reaction (CO,RR) evidenced the unique ability of Cu to
form several hydrocarbons and alcohols.”™® Forming multi-
carbon products in a selective fashion is, however, technically
challenging because it requires a multielectron transfer reaction
coupled with the formation of C—C bonds.” Many
contributions have focused on maximizing productivities
toward C—C coupling products,9 and numerous studies have
analyzed the mechanism of multicarbon product formation in
the CO,RR with the aim of unravelling catalyst design
strategies for the selective reduction.” ™" Still, contrasting
opinions exist, mainly on the three following points:

1. Is nanostructured metallic Cu exclusively required for
C,, product formation or can these products also form
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and hydroxides) of other transition metals?

2. Do the reaction paths leading to C,, products have to
involve surface coupling reactions between specific
chemisorbed species? Currently, C, products are
described as being formed from the dimerization of
two chemisorbed CO molecules,*® the coupling of
chemisorbed CO with other intermediates such as
CHO'' and other C, intermediates,"” or the coupling of
surface adsorbates other than CO."*

3. Which other factors will determine the occurrence of
C—C bond formation? Nanoconfinement,'®™"® surface
strains,”’ and the creation of a fractal dimension at the
nanoscale®” were indicated to facilitate the C—C
coupling together with mesoscale conditions that forced
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a higher surface concentration of CO,-derived adspe-
AT
cies.

Increased evidence suggests that a complex interplay of
many factors determines the occurrence of C—C bond
formation, including the surface structure (at the nano and
mesoscale), the specific reaction conditions (pH, buffer
strength, and ion effects), and mass-transport-related effects.”
Indeed, these interrelations should be borne in mind when
turning to alternative systems for CO, reduction.

In this work, we focus on the mechanism of multicarbon
product formation on electrocatalytic systems bezond Cuy,
namely Fe oxyhydroxide systems. Centi et al.”® showed
experimentally that isopropanol can be formed on a metal
oxide system such as iron oxide supported on carbon
nanotubes via a gas-phase CO,RR, using a polymeric proton
exchange membrane in direct contact with the electrocatalyst
on one side. On the other side, the electrocatalyst is in direct
contact with CO, gas molecules. The scope of the electro-
catalytic gas-phase approach is to enhance the CO, surface
coverage of the electrocatalyst; in a liquid electrolyte, this is
limited by both the CO, solubility in the electrolyte and the
transport across the electrical double layer.

By using C-supported Fe catalytic systems, we showed that a
controlled surface chemical modification of the carbon support
by O or N enables the tuning of the electrocatalytic
performance and realizes high Faraday efficiencies and
selectivities toward C, and C,, products both in the liquid
phase® and in gas-phase approaches,” respectively. In these
Fe—N—C electrocatalysts, the defective N sites of the carbon
support were shown to profoundly influence the energy of the
specific CO, chemisorption sites on the Fe phase,” which is
expected to affect the reaction pathways. Also, N-doping of the
carbon support affects the spatial distribution of hydrophilic N
sites and graphitic hydrophobic domains, which in turn have
other effects relevant for CO, reduction such as the control of
proton and solvent molecule availability at the reactive
interphase.”” ™" The experimental conditions of the electro-
reduction (either in gas or in the liquid phase) also influence
the CO, and H' availability at the cathodic electrocatalyst
surface, whereas the nanostructure of the active phase
determines not only the nature of the sites for specific CO,
chemisorption but also the mechanism and kinetics of electron
transfer. The interplay of these factors determines whether
surface intermediates will undergo hydrogenation and
desorption or successive coupling reactions that lead to
heavier products. Due to the dynamic nature of the reactive
interphase, an in-depth mechanistic study requires a combina-
tion of theoretical’” and experimental approaches.'%**~**

The observation of selective C; chemistry on C-supported
Fe-oxide electrocatalysts”*™>" under gas-phase conditions is
relevant from both fundamental and applied chemistry
perspectives. Therefore, it motivates further mechanistic
studies using advanced surface-sensitive in situ spectroscopic
methods to better understand the nature of the active
interphase and its dynamic dependence on the experimental
conditions during the CO, electrocatalytic reduction.

Particularly, ambient pressure X-ray photoelectron and near-
edge X-ray absorption fine structure spectroscopies (APXPS
and NEXAFS, respectively) have been proven to provide
unparalleled resolution of chemical states at polarized electrode
interfaces.”> ™" While operando X-ray spectroscopic studies
applied to CO,RR have focused on absorption spectroscopy at
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the metal edges,'” APXPS remains unexplored in the CO,RR,
due to the challenges in realizing electron detection in wet
environments. However, APXPS also enables the simultaneous
monitoring of C and O interfacial species; consequently, it is
the ideal technique to provide new insights into the
mechanism of multicarbon product formation. Here, we report
a comparative mechanistic study on the carbon dioxide
reduction electrocatalysis of self-standing graphite-supported
ferrihydrite-like-based electrocatalytic systems. We use electro-
catalytic systems of a similar ferrihydrite-like structure, which
are immobilized either on nitrogen-functionalized (FeOOH/
NC) or oxygen-functionalized (FeOOH/OC) carbon paper.
These systems are chemically identical to the electrocatalysts
tested in the liquid-phase CO,RR in ref 6 but differ from those
tested in ref 29 in terms of the structure of the C support and
the Fe speciation. We show that they are characterized by quite
different electrocatalytic performances in the gas-phase CO,
reduction in terms of isopropanol productivity and therefore
are ideal for comparative mechanistic studies. APXPS and
NEXAFS in combination with electroanalytical techniques
such as chronoamperometry (CA) and cyclic voltammetry
(CV) were used to identify surface and interfacial structural
features formed under conditions of gas-phase carbon dioxide
electroreduction. These dynamics are correlated to the
electrocatalysts’ performances, which were determined in situ
by online gas detection via mass spectrometry.

Tailored in situ experiments enable us to close the
experimental conditions gaps between in situ studies and
catalyst performance screening at atmospheric pressure.
Together with multilength-scale electron microscopy charac-
terization and theoretical modeling, these results allow us to
unveil the origin of C; formation in the CO,RR over Fe-based
electrocatalytic systems under gas-phase conditions. Hence, we
provide a framework to guide improvements in material
developments for CO, reduction from a fundamental
perspective.

B EXPERIMENTAL SECTION

Sample Preparation. The preparation of the electro-
catalysts was previously reported.”*" Briefly, TorayTM carbon
paper TGP-H-030 (FuelCellStore.com) with a thickness of 0.1
mm was cut into pieces of approximately 0.8 X 0.8 cm?’
(approximately 4.2 mg) and used as a support for the iron
oxide particles. Prior to the metal precursor impregnation, the
carbon paper was functionalized with either O or N groups,
adapting the procedure from Arrigo et al.">** This preparation
procedure has the following advantages: (a) easy assembly in
the in situ electrochemical cell and (b) no need to prepare an
electrocatalyst ink, which could detach from the substrate
surface into the solution with time. First, several pieces were
heated to 393 K in HNO; (250 mL, 70% Sigma-Aldrich) for 4
h, followed by drying in static air overnight at 373 K. Oxygen
functionalization with concentrated HNO; produces a hydro-
philic carbon surface with mainly carboxylic functional
groups.*”** Then, the HNOj-treated samples were put in a
tube furnace under 50 mL min~' NH; (99.98% Ammonia
Micrographic, BOC Linde) at 873 K for 4 h. Afterward, the
samples were cooled to 323 K in NH; and further to RT in N,
(50 mL min~!, BOC Linde). The N-functionalization at 873 K
in NH; produces a hydrophobic surface with mainly pyridine-
like N species."”*~*

The Fe-containing samples were obtained via the incipient
wetness impregnation of an Fe(NO;);-9H,0 solution in H,0/
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ethanol (24:1). A 100 uL aliquot of a 3 g L™" solution was used
to prepare the 1 wt % samples, where the percentage refers to
the weight expressed as metallic Fe. The solution was added
dropwise to the N-functionalized cloth piece, making sure the
wetting was quantitative and macroscopically homogeneous.
The impregnated carbon paper pieces were dried at room
temperature in static air overnight. Afterward, the samples were
heated at 250 °C in N, (50 mL min-1, BOC Linde) for 3 h to
achieve the decomposition of the metal precursor without
decomposing the nitrogen species of the support. The samples
were cooled to RT in N, and afterward exposed to air. This
sample is referred to here as FeOOH/NC. The same
impregnation procedure was used for the O-functionalized
carbon paper (O—C) to prepare a control sample, namely
FeOOH/OC. If not otherwise stated, the nominal sample
loading is always 1 wt % of metallic iron. The elemental
compositions for the two samples as determined by XPS are
reported in Table S1. Another sample was obtained by
subjecting the FeOOH/NC to a thermal annealing in the in
situ XPS chamber under UHV conditions at 473 K. This
sample is referred herein to as T-FeOOH/NC.
Electrocatalytic Tests in a Gas-Phase Electrochemical
Cell. Tests of CO, gas-phase reduction (CO,GR) were
conducted at room temperature in a flow electrocatalytic cell
operating the CO, electrocatalytic reduction in the absence of
a liquid electrolyte at the cathode side, which is thus defined as
gas-phase electrochemical cell (GPEC) operation.’”" Note,
however, that the membrane in contact with the electro-
catalysts acts as solid electrolyte to close the circuit. These gas-
phase operations allow us to maximize the formation of C,,
products.”’ ™' The working electrode (WE) was assembled by
hot-pressing the TorayTM carbon paper-based electrodes onto
a selective proton exchange membrane (Nafion 117, supplied
by Ion Power) at 80 atm and 120 °C for 60 s. The WE (a gas-
diffusion layer (GDL)-type electrode) was in direct contact
with pure CO,. The electrode had a diameter of about 3 cm®.
The cell had a three-electrode configuration, with a platinum
wire as counter electrode (CE) and a 3 M Ag/AgCl electrode
as a reference electrode (RE). The cell operated at ambient
pressure and temperature. The cell (in the cathodic part) was
adapted to have closer characteristics to those used in
operando tests, where the electrocatalyst (with a size about
0.8 X 0.8 cm?) was put on a larger GDL piece (around 7 cm?).
The GDL is not inert toward H, formation and thus its
contribution was subtracted. The cell is divided in two
compartments by the solid electrolyte membrane hot-pressed
with the WE. The CE and RE were immersed in an aqueous
electrolyte solution (0.5 M KHCO;) in one of the compart-
ments facing the polymeric electrolyte membrane side of the
membrane—WE assembly (MEA), namely the WE side of the
MEA is in the gas-phase compartment. The electrolyte solution
provides the protons needed for the reduction, which diffuse to
the WE catalyst through the Nafion membrane. A potentiostat
and galvanostat (Amel mod. 2049A) was used to supply a
constant voltage at the WE (in the range from —0.5 to —1.5V
vs Ag/AgCl) to supply the electrons necessary for the CO,
reduction process. At the end of the reaction (1 h if not
otherwise indicated), the polarity was inverted for two seconds
to facilitate the desorption of the products from the WE
without further oxidizing the products. The liquid products
were collected in a cold trap and analyzed by a gas
chromatograph equipped with a mass spectrometer (Thermo
Scientific GC-MS, Trace 1310GC-TSQ8000EVO, Triple
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Quadrupole MS, Stabilwax column). An internal standard
was used to minimize errors in quantification.

A systematic comparative quantitative analysis by GC-MS
and NMR was performed on the sampled solutions, with the
better reproducibility of the former method showing an
average error of less than 5%. The results of the GC-MS
analysis are therefore used to present the electrocatalytic tests,
which refer to the average behavior observed in 1 h of
operation. The gas products were detected by sampling the
gaseous stream leaving the external container at regular
intervals and analyzing samples by gas-chromatography (GC-
TCD, Agilent 78904, SA Plot column).

Isotopic labeling tests were performed over tge FeFOOH/NC
sample at —1.0 V vs Ag/AgCl under the same conditions and
using the same electrochemical cell and GC-MS but by feeding
BCO, (99.0 atom % C CO,, Sigma-Aldrich) into the gas
cathodic chamber and using aqueous 0.5 M KH"“CO, (98
atom % "3C, Sigma-Aldrich) as the liquid anolyte. The Faraday
efficiency (FE) was calculated according to eq 1 as follows:

(1)

where in e, = Q/F, F is the Faraday constant (96485 C
mol™"), Q is the measured charge according to Q = I X t, I is
the current, and ¢ is time. e, is mol product X n, where n is
the number of electrons required to reduce CO, to a particular
product and the moles of products were quantified by GC.
Background contribution of the support GDL was subtracted.

In Situ Electrochemical Flow Cell (ISEC). A three-
electrode electrochemical flow cell designed for the APXPS
end-station of the ISISS beamline at BESSY II/HZB was used
for in situ spectroscopy (Figure 1). This technique allows the
analysis of the electronic structure of the electrical double layer

formed upon polarization at the electrode interfaces.”*™*" It is

FE(%) = e,,/e;, X 100

out
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Figure 1. In situ electrochemical cell (ISEC) for ambient-pressure
XPS. (a) Front view showing the mounting of the lid composed of
two plates that host the WE. (b) Side view showing the arrangement
of the three electrodes and the membrane electrode assembly.
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thus well-suited to characterize operando conditions that lead
to multicarbon product formation during CO, electrocatalytic
reduction. Details on the cell were given previously.**”*

For the studies reported here, we used a cell configuration in
which the CE (Pt wire) and the RE (Ag/AgCl (3M), DRIREF-
2SH, World Precision Instruments) were immersed in a liquid
electrolyte (0.05 M H,SO,) that flowed continuously through
the cell. The CE and the RE immersed into the electrolyte
stream were separated from the evacuated XPS measurement
chamber of the end station by a sandwiched membrane
electrode assembly (MEA) based on a Nafion 117 PEM (Alfa
Aeser), which previously was purified from organic contam-
inants and then activated as described in ref 36. In this case,
the PEM serves also to prevent the liquid electrolyte from
entering the measurement chamber and hence guarantees the
leak-tightness of the in situ cell.

The WE of this MEA consists of carbon paper, previously
treated as described in the sample preparation section,
sandwiched between the polymeric electrolyte membrane
and the lid of the in situ cell. To preserve leak-tightness, no
hot-pressing treatment of the WE and the PEM was applied in
this part of the study. The water-based electrolyte hydrates the
polymeric electrolyte membrane (PEM), ensuring ion
conductivity. Through this hydration, water molecules are
transferred into the evacuated measurement chamber,
generating an equilibrium water pressure ranging between
0.05 and 0.09 mbar. To this atmosphere, a constant flow of 3
mL min~' CO, (99.995%) corresponding to a measured
pressure of 0.09 mbar was added to the chamber using a mass
flow controller to achieve a total pressure of 0.15—0.18 mbar.
A potentiostat (SP-300, Bio-Logic Science Instruments SAS,
France) controlled the potential of the WE with respect to the
RE and measured the current between the CE and the WE.
Here we chose to ground the WE to the electron analyzer to
prevent shifts of the core levels due to the applied potential. A
quadrupole mass spectrometer (QMS) monitored the gas
composition online in the XPS chamber.

Analysis of the Electrocatalytic Performances during
In Situ Experiments. With the setup described above, XPS
and NEXAFS spectra of the X-ray-exposed WE were recorded
at different constant voltages versus the Ag/AgCl RE. Before
the spectroscopic measurements, four cycles of cyclic
voltammetry (S0 mV s™') were performed first under the
water partial pressure generated by the transport of the
electrolyte through the membrane and then after adding a
constant flow of CO, to this atmosphere equivalent to a partial
pressure of 0.9 mbar CO, in the analysis chamber. During the
measurements at constant voltage (chronoamperometry
measurements) as well as the potential sweep (cyclic
voltammetry), the value of the current exchanged was
monitored together with the total pressure in the XPS
chamber, and the gas phase was analyzed via MS to evaluate
the performances of the electrocatalysts. The mass fragments
m/z 2, 12, 14, 15, 16, 17, 18, 28, 30, 32, 34, 44, 45, 46, and 60
were monitored in each in situ experiment. In the case of the
CV, the analysis involves the evaluation of the m/z 2 peak area,
representing the H, evolved per cycle as a function of the
charge exchanged during each voltammetry cycle. The m/z 2
peak area was obtained by integrating the peak related to each
cycle in the mass spectrum after linear background subtraction.
Similarly, the charge exchanged per cycle was obtained by
integrating the relative peak in the current (I) versus time plot
of the CV. For the CA experiments, the cumulative charge
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measured was evaluated as a function of the H, efliciency
parameter (HEP). The HEP is given by eq 2 as follows:

HEP = (n-AH,-F)/Q (2)

where 7 is the number of electrons exchanged; in the case of
H,, this is 2. AH, is the area of m/z 2 representing the amount
of H, evolved during the constant potential experiment, F is
the Faraday constant, and Q is the total charge exchanged
during the constant potential experiment, which was obtained
by integrating the relative area in the current versus time plot.

In Situ XPS and NEXAFS. XPS measurements were
performed by applying a suitable excitation energy, which
corresponded to the kinetic energy (KE) of the photoemitted
electrons as indicated in each case for the core levels Fe 2p, C
Is, O 1s, and N 1s. The pass energy (E,) was set to 20 eV. The
spectra were collected with a spot size of ~#150 ym X 80 um.
The beamline settings were an exit slit (ES) of 111 ym and a
fix focus constant (cff) of 2.25.

Auger electron yield (AEY) NEXAFS spectra were recorded
with an analyzer setting of E, = SO eV and electron kinetic
energies (KE) of 700, 350, and 240 eV for the Fe L-edge, N K-
edge, and C K-edge, respectively. The beamline settings were
an exit slit (ES) of 111 ym and a fix focus constant (cff) of 1.4.
The kinetic energy windows were chosen so as to avoid
contribution from other photoelectric processes to the
NEXAFS spectra in the excitation energy window used. The
rather high E, was necessary to obtain a reasonable intensity.
The exit slit value chosen allowed an optimal compromise
between a high photon intensity and a good spectral
resolution. The higher order suppression operation mode of
the monochromator (cff = 1.4) was applied to avoid
contributions to the background in the NEXAFS spectra that
might complicate intensity normalization of the spectra on the
impinging photon flux.

XPS Fitting. A fitting procedure was developed that
described the surface changes of the Fe phase and the O
and C species upon CO, electroreduction during the in situ
characterization. The photoelectron binding energy (BE) is
referenced to the Fermi edge when possible. In all other cases,
BEs were referenced to the maximum of the C 1s core level
peak (284.32 eV) measured after each core level measurement
at the corresponding excitation energy.

The Fe 2p, C 1s, and O 1s spectra were fitted following the
Levenberg—Marquardt algorithm to minimize y* Peak shapes
were modeled using Doniach—Sunjic functions convoluted
with Gaussian profiles to consistently describe chemical and
structural changes among the samples and upon the different in
situ conditions investigated.” Background correction was
performed using a Shirley background.*” The peak area ratio
between the Fe 2p;,, and Fe 2p,,, spin orbit split transitions
was constrained approximately to the theoretical value of 2:1.
The accuracy of the fitted peak positions is ~0.05 eV. The full-
width at half-maximum (fwhm) values of the peaks were
constrained during the fitting. The C 1s XPS spectra were
fitted using the fitting model reported by Blume et al."® The
assignment of the components in the C 1s XPS spectra is given
in Table 1.

The analysis of the Fe 2p XPS spectra for a multicomponent
oxide is complicated due to the multiplet structure of the
overlapping core-level peaks and satellites for the many phases
present.

In this work, the entire Fe 2p XPS core level was fitted using
the approach reported by Biesinger et al.* that, beside
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Table 1. Assignment of C 1s Components Based on the
Fitting Described in Referece 48

binding energy

label (BE) (eV) assignment fwhm
Co  283.6 dissolved C 0.6
Cl 2840 defective sp* carbon 0.6
C2 2843 graphitic sp* carbon 0.5
C3  284.6-2848 disordered carbon (accounts for larger ~ 0.65

holes in basal graphitic planes,

nonsaturated bonds, and the

amorphous carbon phase)
C4 2852 sp> C—H bonds 0.6
CS5  285.5 and higher ~C—O bonds 1.1

regarding the chemical states, includes features caused by
multiplet splitting and shake-up processes of plasmon losses.
The peak assignments are listed in Table 2.

Table 2. Assignment of Fe 2p;,, Components Based on the
Fitting Described in Reference 49

binding energy

label (BE) (eV) assignment fwhm

FeO 706.9 Fe metal 1.5

Fel 708.5 Fe(II)—O in wiistite (FeO) 1.7

Fe(II1)—O in hematite

Fe2 709.8 (Fe,0;) or Fe(II)—O in FeO 1.9-2.0

Fe3 710.3 Fe(III)—O in oxyhydroxides 1.7
(FeOOH)

Fe4 710.8 Fe(III1)—O in hematite or the 1.8-2.0
Fe(II)—O bond in FeO

FeS 711.5 Fe(IlI)-OH in Fe,O; and FeOOH  1.6—2.0

Fe6 7122 Fe(Il/IN)—OH in Fe;0, FeO, and  1.7-3.0
FeOOH

Fe7 7135  Fe(Il)=OH in Fe,0; and FEOOH  2.0-2.5

Fe8 714-715.7 Fe(II)-dominated satellites 3.6—3.8

Fe9 719 Fe(III) satellites 2.0-3.9

Similarly, the analysis of the O 1s spectra was complicated
by the fact that the oxygen species belong to both the Fe
phases and the C support as well as to chemisorbed water and
CO,-related species. In this work the O 1s spectra were fitted™’
as described in Table 3.

Table 3. Assignment of O 1s Components from Reference
50

label  binding energy (BE) (eV) assignment fwhm
o1 529.6 Fe(I1)—0 0.85
02 530 Fe(II)-O 0.85
03 530.3 Carbonyl C=0/Fe(I1)-0 1.3
04 S31.1 Lactone C=0/Fe—OH 1.3
0s S31.9 carboxyl 1.3
06 5327 anhydride ether 1.3
o7 533.4 lactone ether 1.3
08 534.4 O—H bonds 1.3

Due to the complex analysis of these Fe systems, the fitting
procedure was validated against an in situ temperature-
programmed XPS study of the fresh FeOOH/NC electro-
catalyst, for which structural transformations involving the Fe
phase were previously investigated using transmission electron
crystallography.*" This approach proved to be very useful for
developing a consistent fitting procedure that described
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structural transformation involving the Fe phase. The experi-
ment is described in detail in the Supporting Information
together with the relative C 1s, Fe 2p, and O 1s XPS core-level
spectra. Derived peaks intensities trends are shown in
Supplementary Figures S1, S2, S3, and S4, respectively.

Moreover, due to the many overlapping peaks belonging to
the different phases, peaks with a peak maximum falling at a
very close BE were merged. A scheme that clarifies this
approach is reported in Supplementary Figure S2b.

Electron Microscopy Techniques. Bright field (BF) and
high-angle annular dark field scanning transmission electron
microscopy (HAADF STEM) images were acquired with a
probe-corrected ARM200F at the ePSIC facility (Diamond
Light Source) with an acceleration voltage of 200 keV.
Measurement conditions were a CL aperture of 30 um, a
convergence semiangle of 24.3 mrad, a beam current of 12 pA,
and scattering angles of 0—10 and 35—110 mrad for BF and
HAADEF STEM, respectively. Scanning electron microscopy
(SEM) analyses were performed on a Zeiss Ultra SEM
operating at acceleration voltages of 1.6 and 20 keV.

Computational Methods. We created a computational
model of the CO, reduction process on the ferrihydrite-like
layer on pristine and nitrogen-doped graphite (010) according
to the experimental data. These calculations based on spin-
polarized periodic plane-wave density functional theory (DFT)
were performed with the Vienna Ab Initio Simulation Package
(VASP).”" The density functional of Perdew, Burke, and
Ernzerhoff (PBE)® was used to calculate the exchange and
correlation contributions. To describe long-range interactions,
which are necessary to describe the interaction between
molecules and solids,”>™>> we used the zero-damping
Grimme’s empirical dispersion correction (DFT-D3).*

The projector-augmented wave (PAW) formalism® as
implemented in VASP was employed to describe the core
electrons. A plane-wave kinetic cutoft was set at 550 eV. The
Brillouin zone was sampled with a mesh of points separated by
0.2 A= Dipole corrections were applied perpendicular to
the surfaces upon the adsorption of FeOOH on the C and N-
doped C support (NC). Bader char§es were calculated to
assign partial charges to specific atoms.”® The graphitic support
(010) surface was modeled as a fully relaxed slab that was 12
atomic layers thick with two exposed graphene layers at the top
and bottom, which were terminated with hydrogens for
consistency. About 2% of the C atoms were substituted by
nitrogen, simulating the NC. A FeOOH slab with an area of
88.99 A% was supported and fully relaxed on the graphitic facet
(Figure 2). A vacuum of 10 A perpendicular to the surface
ensured no spurious interaction with periodically repeated
slabs. Table 4 reports the average distance of the model.

ESys - (Es + EMol)
n 3)

The flexibility of the FeOOH layers is noticeable based on
the variable distances between Fe atoms. We calculated the
adsorption energies (E,4) from the total energy of the
optimized structure of the molecule and the adsorbent (Es,),
the energy of the optimized naked adsorbent, i.e., FeOOH/C
and FeOOH/NC (E), and the energy of the isolated molecule
in the gas phase (Ey), respecting the total number of
adsorbed molecules (1) (eq 3). Note, however, that in reality
the graphitic support is more defective and the adsorption

EAds -
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Figure 2. Schematic representations of an FeOOH-like thin film on
N-doped graphite. (a and b) Top views and schematic representations
of an FeOOH-like thin film on N-doped graphite. The black frame in
the top view in panel b indicates the actual simulation cell. The color
scheme for C, N, O, Fe, and H is brown, blue, red, dark yellow, and
pink, respectively.

Table 4. Average Distances in the Supported FeOOH
According to the DFT Model

d(Fe=Fe) (A)  d(Fe-0) (A)  d(O-H) (A)
FeOOH 2.775 1.863 0.989
FeOOH/C 2.036 1.948 0.977
FeOOH/NC 2912 1.930 0.976

energy values will depend strongly on the distribution of these
defective atoms.

B RESULTS AND DISCUSSION

We adopted here an electrode preparation that was modified
from ref 29 and adapted it to the in situ electrochemical cell;
both processes are described in detail in the Experimental
section. The electronic structure and quantitative elemental
composition of the fresh samples investigated in this study
were determined using a multitechnique approach.”*' In what
follows, we describe the large particles as ferrihydrite-like
nanostructures because their bulk-sensitive hard X-ray
absorption fine structure spectroscopic characterization
resembles the one reported for ferrihydrite; however, it must
be noted that neither the 6-line nor the 2-line X-ray diffraction
patterns were observed, which are typical for highly and poorly
ordered ferrihydrite, respectively.’

We present the results of the nanostructural characterization
of these ferrihydrite-like based electrodes by means of
multilength-scale electron microscopy techniques, with partic-
ular emphasis on the thin films of the Fe oxyhydroxide phase
covering the graphitic support; later on, we will show that
these were found to be the electroactive species under the
conditions investigated.

416

The adaptation of the electrocatalyst preparation to the in
situ spectroscopic study using a self-standing electrode
approach based on FeOOH-impregnated functionalized
carbon paper required a confirmation of the expected trends
in the electrocatalytic performance by a preliminary screening
that used the same gas-g)hase electrochemical cell (GPEC)
used in previous studies.”*~>" Therefore, the catalytic perform-
ances in the GPEC of these systems will be presented under
the same voltages explored during the electrocatalytic in situ
study. Subsequently, the electronic structure characterization
of the surface and near-surface region of the electrode upon
CO, electroreduction is presented and correlated to the
electrocatalyst performances. Finally, a theoretical model of the
interface will be presented to help rationalize our findings.

Electron Microscopy Characterization. The visual
inspection of these materials by electron microscopy reveals
a distribution of nanostructures of different nuclearity (Figure
3a and b), from large particles of irregular shape with the
typical nanostructure observed for ferrihydrite®” (Figure 3c) to
low-dimensional films (Figure 3d—g) and atomically dispersed
iron species or few-atom clusters. The scanning electron
microscopy (SEM) characterizations of FeOOH/NC and
FeOOH/OC at low- and high-acceleration voltages are
reported in Supplementary Figure SS and S6, respectively,
and discussed in detail therein. We find that the large particles
are mostly localized in the interspace region within the
graphitic fibers of the carbon paper. Moreover, a rather
homogeneously deposited Fe-containing thin film covers the
fibers.

An example of large particles of irregular shape can be seen
in the low-magnification scanning transmission electron
microscopy (STEM) images in Figure 3b and Supplementary
Figure S7 and in Figure 3a and Supplementary Figure S8 for
FeOOH/NC and FeOOH/OC, respectively.

Supplementary Figure S9 shows high-angle annular scanning
transmission electron micrographs in the S9a bright field (BF)
and S9b dark field (DF) modes for FeOOH/NC visualized
along the [001] zone axis of the graphite structure. There, it is
possible to identify polynuclear Fe species and few-atom
clusters, which are localized at the edges of the graphene layers
composing the graphitic carbon structure.” We note that
increasing the Fe loading produces larger particles in higher
abundance; however, the structural features attributed to
polynuclear or few atom FeOOH clusters were found as well
(Supplementary Figure S10). Moreover, low-dimensional
polynuclear FeOOH species not only decorate the edge
terminations but also cover the basal planes, which can be seen
in the low-magnification high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) images
with relative elemental mapping images for FeFOOH/OC and
FeOOH/NC in Figure 3a and b, respectively.

A clearer picture of these low-dimensional polynuclear
FeOOH species and their localization on the graphitic support
is provided in Figure 3 d—g. Here, the edge planes of the
graphitic structure of the support are visualized as well as the
interfacial graphite—FeOOH thin film region of the FeOOH/
NC sample.

The brighter areas in the HAADF-STEM images (Figure 3 d
and g) correspond to the Fe-containing phase, being the
contrast of this operation mode generated by high-angle
scattered electrons and thus sensitive to the atomic number of
the scatterer. Consistently, low-dimensional ferrihydrite-like
nanostructures are present as patches of a rather irregular
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Figure 3. Multilength-scale electron microscopy characterization of the as-prepared electrocatalysts. (a) Low-magnification HAADF-STEM image
and corresponding elemental mapping images of FeOOH/OC. Scale bar is 1 #m. (b) Low-magnification HAADF-STEM image and corresponding
elemental mapping images of FeOOH/NC. Scale bar is 200 nm. (c) HRTEM image of the large particle in FeFOOH/NC. Scale bar is S nm. (d) HR
HAADF-STEM image of FeOOH/NC. Scale bar is 5 nm. This image, adapted from ref 41, is licensed under CC BY 4.0. (e) The corresponding
SE-STEM image. This image, adapted from ref 41, is licensed under CC BY 4.0. (f) BF-STEM image of FeOOH/NC. Scale bar is 3 nm. (g)

Corresponding HAADF-STEM image.

morphology and sparsely cover the support surface. The
secondary electron (SE)-STEM image (Figure 3e) provides a
clear visualization of the surface topology of this sample,
showing the thin-film nature of these nanostructures.

In Figure 3f and g, the thickness of the disordered thin film
is less than 3 nm. The images also show that the edges of the
graphene layers terminate into the FeOOH film, which is a
prerequisite for a stronger interaction between the support and
the FeOOH nanostructures as well as for electron transport
through this interphase. This is a characteristic of the low-
nuclearity species on these samples (for an example, see also
Supplementary Figure S10e).

These thin-film patches coexist with larger NPs, and no large
difference in the relative distribution of the species was clarified
by electron microscopy for differently functionalized supports.
However, the comparative surface electronic structure analysis
of the Fe species for the differently functionalized supports by
XPS and NEXAFS under UHV conditions allowed use to
identify a few reduced Fe(Il) states on the N-functionalized
support already in the freshly prepared samples, demonstrating
different metal—support interfacial interactions for the two
systems (Supplementary Figure S11). Due to the different
probing depth of these techniques, it is possible to infer that

47

these sites are localized on low-dimensional ferrihydrite
nanostructures and that they are generated by the chemical
interaction with surface nitrogen atoms on the graphitic
support, as expected based on a previous computational study.’

Electrocatalytic Performances. The results of the
electrocatalyst performances obtained using the GPEC as
well as the in situ electrochemical cell (ISEC) are presented;
the former for the electrocatalytic tests at atmospheric pressure
and the latter at pressures in the millibar range. The results of
the gas-phase carbon dioxide reduction over FeOOH/OC and
FeOOH/NC using the GPEC are reported in Figure 4a. These
data refer to an average value determined after 1 h tests at two
applied potentials, namely —1 and —1.5 V vs Ag/AgCl. The
results of the carbon dioxide electroreduction are reported in
terms of carbon dioxide reduction products formed in
micromoles per hour (um/h). Specifically, C; (methanol),
C, (acetaldehyde), and C; (acetone and isopropanol) products
were observed. Only traces of ethanol were detected, while no
CO or other organic products were observed. Methanol and
isopropanol are the two main products detected at —1 V vs
Ag/AgCl. At this potential, the total productivity in the CO,
reduction is about 8.4X higher for FeFOOH/NC than FeOOH/
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Figure 4. Gas-phase electrocatalytic tests using the GPEC and ISEC. (a) Average productivity (mmol/h) toward carbon dioxide reduction
products as indicated in the legend for FeFOOH/NC and FeOOH/OC during 1 h of CO, reduction in the gas-phase electrocatalytic cell (GPEC) at
1 bar. Tests were carried out at —1 and —1.5 V vs Ag/AgCl. The electrolyte solution at the CE side was 0.5 M KHCOj;. The error bar refers to the
average error observed of 5%. (b) Cyclic voltammograms under 1 bar of CO, atmosphere for FeOOH/NC for the GPEC (blue and green) and
under 0.09 mbar of H,O and 0.09 mbar of CO, for the ISEC (red and black). (c) Cyclic voltammograms obtained for FeFOOH/NC under different
gas atmospheres, as indicated, using the in situ electrochemical cell. The voltage sweep rate is SO mV/s in both GPEC and ISEC experiments. (d)
Evolution of m/z 2 in the mass spectrum during the in situ characterization of FFOOH/NC, with the inset showing the detail of the oscillation
during the CV. Spectroscopic data relative to this mass spectrum are reported in Figures S16b, 17b, and 18b. The CV region corresponds to the
data in panel e (purple circle), and the CA region corresponds to the data in panel f (magenta rhombus). (e) m/z 2 peak area vs charge exchanged
during each voltammetric cycle for selected in situ experiments (1—4 in the legend) in the presence and absence of carbon dioxide. Each row of the
legend corresponds to an in situ experiment over a sample as indicated, whereas the sequence corresponds to the order in which the experimental
conditions were investigated. The color code indicates several cycles run consecutively under the same conditions, with the current decreasing with
the number of cycles. (f) Cumulative charge exchanged during CA in situ experiments at —1 V vs Ag/AgCl vs the H, efficiency parameter for
various electrocatalysts as indicated. These data correspond to the spectroscopic measurements reported in Figures 5 (yellow rhombus), 6 (blue
rhombus), and S16a, S17a, and S18a (green rhombus).

OC, indicating the beneficial effect of N-doping the carbon indicates that the samples are suitable for mechanistic studies
substrate. at potentials down to —1 V vs Ag/AgCl. This potential and
The side formation of H, was also observed (Supplementary above were chosen for the mechanistic study.
Table S2 and S3), which was derived largely from the GDL In terms of the carbon Faradaic efficiency, which was
support. Supplementary Tables S2 and S3 report the product calculated considering that methanol formation is a 6e~
productivities at various voltages from —0.5 to —1.5 V vs Ag/ reduction while isopropanol formation is an 18e™ reduction,
AgCl for FFOOH/NC and FeOOH/OC, respectively. the carbon Faradaic efficiency to isopropanol at —1 V vs Ag/
The total productivity becomes noticably lower at the more AgCl passeed from about 73% to over 91% when going from
negative potential for FFOOH/NC due to both the enhanced FeOOH/OC to FeOOH/NC. Note that while these high
H, formation limiting protons and electrons for the selective values refer to the Faradaic efficiency to the carbon product,
reduction of CO, and electrocatalyst deactivation. For H, also forms, lowering the total selectivity (see Supple-
FeOOH/OC, the highest productivity of carbon dioxide mentary Table S2 and S3).
reduction products occurs at a lower cathodic potential; Isotopic labeling experiments with '*CO, and KH"“CO,
however, the formation of H, was higher at these conditions, over FeOOH/NC at —1 V vs Ag/AgCl were performed to
and some deactivation was noted (Supplementary Table S3). track the source of C in the products observed. The MS
We also note that at —1 V vs Ag/AgCl the catalysts spectra relative to the GC peaks associated with methanol and
remained stable for at least 20 h of time-on-stream, while at a isopropanol are shown in Supplementary Figures S12 and S13
more negative voltage (—1.5 V vs Ag/AgCl) the deterioration and show patterns diagnostic of '*C methanol (*CH;0H, m/z
of the performance with time-on-stream was detected. = 33) and "*C isopropanol ("*CH;—"*CHOH-">CH,, m/z =
Nevertheless, the good stability observed over this time period 47), respectively. For comparison, the MS spectra obtained
418 https://doi.org/10.1021/acscatal.1c04296
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from the same test but feeding a natural abundance of CO, and
using aqueous 0.5 M KHCO; as the analyte is also reported in
Supplementary Figures S12 and S13.

These experiments allowed us to rule out that the products
detected during the CO, electrocatalytic reduction were
derived from the carbon substrate itself, which is consistent
with our blank and control experiments®® on carbon-supported
systems in inert gas and other literature studies.’"

Indeed, activity and selectivity trends are consistent with
previous indications”” that N-doping promotes the activity and
the selectivity of Fe-oxide species supported on carbon to
isopropanol in the carbon dioxide gas-phase electroreduction.
This result is important for this study considering that the
systems investigated here were prepared using a different
procedure and a different carbon support than those in the
previous work, where Fe—N—C systems were screened for this
reaction.””

Here, our aim was to minimize any additional sources of
carbon that would add complexity to the spectroscopic analysis
of the species in the electrical double layer. Therefore, we did
not use the thin film method for the electrode preparation,
which would require the preparation of a catalyst ink using an
organic binder, normally a Nafion solution. Moreover,
constraints dictated by the assembly of the electrode in the
in situ cell led us to design a self-standing electrode by directly
impregnating the graphitic carbon paper gas diffusion layer
with the metal active phase. This carbon paper is highly
graphitic as seen in Figure 3d—g, whereas the carbon
nanotubes (CNTs) used in the previous study for the gas-
phase electrocatalytic conversion of CO,” presented a thick
surface layer of highly disordered pyrolytic carbon.”

The Fe speciation was also different in the previous study.”
Big particles of magnetite encapsulated inside the channels of
the nanotubes were found together with highly abundant
dispersed FeOOH clusters on the external surface of the
nanotubes. Here we find Fe(III)~OOH species of a different
nuclearity.

The corresponding trends between the previous study”” and
this current one allow us to narrow down the identification of
the electroactive species to highly dispersed or quasi-2D
nanostructures on the carbon support, such as Fe-OOH
nanoclusters, and ferrihydrite-like thin layers interacting with
the N-functionalized edges of the support, as exemplified in
Figure 3.

We also note that, with respect to the previous study on
chemically identical FeOOH/NC for the liquid phase
CO,RR,° here the preparation and CO, reaction conditions
are optimized to enhance the formation of isopropanol, which
occurs at a lower applied potential (more cathodic) than the
formation of acetic acid observed for the same system in the
KHCO; electrolyte. Yet, the beneficial effect for C—C coupling
exerted by N-functionalization was also observed, thereby
corroborating the fundamental interplay between the nucle-
arity of the FeOOH species and their interaction with the
support to realize efficient electron transfer at the support—
FeOOH-CO, interphases. We postulate that in both the
liquid phase and gas-phase approaches the low-dimensional
CO,-bearing nanostructures are the electroactive species;
however, these species should undergo different structural
dynamics triggered by the potential and the nature of the
interphase, leading to a reaction mechanism for the reduction
of the chemisorbed species that is different between the two
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approaches. In the gas phase, intuitively the limited availability
of H" should favor heavier products.

In Figure 4b, we compare the cyclic voltammetry (CV) tests
for FeFOOH/NC realized under the CO, atmosphere using the
GPEC and ISEC. With the GPEC, we observed a monotonic
increase in the current density and identified two onset
potentials for reduction. The first one is at approximately —0.5
V vs Ag/AgCl, whereas the main faradaic process is at =1.75 V
vs Ag/AgCl. With the ISEC, we see a redox wave showing a
maximum value and a subsequent decrease of the current
density, which is typical of an electron transfer process limited
by diffusion.

This difference appears to be a consequence of the lower-
pressure condition and the low wetting realized in the APXPS
experiments as compared to those in the GPEC and thus the
different interfacial electrocatalyst and gas-phase compositions
realized in the two cells. To explore the extent of the redox
chemistry involving CO, during the in situ APXPS and
NEXAFS studies, we compared the CV obtained in the ISEC
cell in a water-only atmosphere with the CV recorded in the
same cell after CO, was added to the chamber (Figure 4c).
The CV measured in the APXPS chamber under 0.09 mbar of
H,O shows a broad redox wave with an onset at about —0.8 V
vs Ag/AgCl and a maximum at about —1.95 V. This redox
wave becomes narrow and the maximum shifts toward a higher
voltage (about —1.75 V) when CO, (in a ratio of about 1:1
with respect to H,O) is cofed into the XPS chamber, revealing
a diffusion-controlled electron transfer below —1.75 V. During
consecutive cycles, the total charge exchanged decreases
following the decrease of the water partial pressure. As the
total charge exchanged continues to decrease, the maximum of
the reduction wave slightly shifts to higher potentials (about
—1.5 V). The presence of the CO, cofeed contrasts the decay
of the maximum wave with the number of cycles, but the effect
is still present. The observed decay of the performance is due
to diffusion-limited electron transfer.”

These CV data indicate that, in the conditions realized in the
APXPS measurement chamber, the faradaic processes are
dominated by the water chemistry, as probed by a clear
response of the H, signal (m/z 2) in the QMS spectrum
(Figure 4d) while sweeping the voltage during the CV. Indeed,
we expected these results considering side H, formation.

Yet, the presence of CO, influences the redox cathodic
process, confirming CO, redox chemistry. Specifically, the CV
curve is mainly composed of the steep faradaic process of the
HER (hydrogen evolution reaction) with an onset potential at
approximately —0.75 V, whereas the CO,RR appears to be
partially overlapped with the HER but shifts to potentials
higher than the HER (lower overpotential) as the latter
becomes more limited by diffusion.

For a quantitative analysis, we compare the peak area of the
fragment m/z 2 generated in the mass spectrum as a
consequence of the transient evolution of H, during the
potential sweep in a CV cycle (Figure 4d) to the charge
transferred during the cycle, which was obtained by integrating
the corresponding peak area in the current versus time plot of
the same cycle. Figure 4e summarizes the data obtained for
several in situ experiments as indicated in the legend
(experiments 1—4). We note that the in situ performances of
chemically identical electrocatalysts might differ in absolute
value (see experiments 2 and 4) due to the different conditions
realized by the water transport through the membrane and the
pumping condition in the evacuated chamber. However,
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regardless of the nature of the samples, the current exchanged
either increases or remains the same after the addition of
carbon dioxide, but the amount of H, evolved decreases,
indirectly confirming the formation of some CO, reduction
products. We can also see that under a carbon dioxide-free
atmosphere, FeFOOH/OC (experiment 3) shows a higher level
of H, formation than FeOOH/NC (experiment 2). The
addition of CO, in the XPS chamber initially leads to a higher
current for FfOOH/NC, while the H, formation is similar for
both electrocatalysts. This observation confirms the higher
selectivity of FeOOH/NC toward carbon dioxide reduction
products, although later the charge transferred versus H,
formed seems comparable for the two systems. Also, these
results are consistent with the higher H, formation observed
for FFOOH/OC in the GPEC (Supplementary Table S3). We
observed that the electrocatalyst performance deteriorates with
time, as seen in the significant increase in the amount of H,
formed for FeOOH/NC with time even under a carbon
dioxide atmosphere (sequence in experiment 3).

Therefore, it is correct to infer that there is a competition
between the HER and the CO,RR reactions. As a
consequence, the selectivity will depend on the ratio of the
reaction rates. From Figure 4c, it appears evident that the CO,
reduction occurs at a slightly higher potential than the HER
and, therefore, operations at a higher applied potential are
important for maximizing the CO,RR versus the HER.
Likewise, maintaining a low water pressure is also important
to limit the HER versus the CO,RR. We note that the water
partial pressure in the XPS chamber detected by QMS is
higher than the CO, partial pressure for FeOOH/OC, whereas
the opposite is true for the more CO,RR-active FeFOOH/NC
and T-FeOOH/NC (Supplementary Figure S14a). We believe
that this pressure difference is naturally generated by the
different hydrophobic and hydrophilic properties of the
functionalized carbon support and could explain the relatively
higher observed selectivity toward C,, products (Figure 4a) for
the FeOOH/NC. This explanation shows that many factors
can be used to tune the activity and selectivity for this reaction.
Control of the relative concentration of H,O and CO, on the
surface is also an important aspect to consider when analyzing
the mechanism of C; formation during the CO,RR. Hence,
these in situ ISEC experiments can provide unique indications
concerning the mechanism of CO, reduction products.

To establish a robust structure—function correlation, it is
imperative to characterize the performances of the samples
using the in situ cell. To this end, we also attempted a
quantitative analysis of the catalytic performances of the
electrocatalysts during the spectroscopic measurements under
potentiostatic control. In this case, the H, evolution gave rise
to a sharp increase of the m/z 2 signal following the application
of the potential, with consequent rapid decay as the cell was
allowed to equilibrate at the open circuit potential (OCP)
(Figure 4d). Also, in this case we use an indirect comparative
analysis based on the quantification of the amount of H,
evolved. The detection of other mass fragments related to CO,
reduction products was very challenging due to the very low
amounts formed, although in some cases the evolution of m/z
45 was observed upon polarization at —1 V (Supplementary
Figure S14b-d).

Figure 4f summarizes the results of several experiments by
reporting the cumulative charge exchanged at —1 V vs Ag/
AgCl under a continuous feed of carbon dioxide as a function
of the H, efficiency parameter, representing the ratio of the

420

amount of H, formed to the current measured. Thus, a higher
value indicates a higher H, efficiency and vice versa. This
comparative analysis shows that given similar charge trans-
terred, FFOOH/OC shows a much higher H, efliciency than
FeOOH/NC, consistent with GPEC results (Table S2 and
S3). As a consequence, FfOOH/NC will be more productive
toward carbon dioxide reduction products. We also see that
given a similar H, efficiency parameter, FeOOH/NC is less
selective toward carbon dioxide reduction products in one of
the experiments (magenta rhombus versus yellow rhombus),-
which is probably a consequence of the reactive atmosphere.
However, general trends in performances were confirmed and
consistent between GPEC and ISEC; these results provide
direct evidence of the importance of the structure of the
electrochemical interface, which is determined not only by the
nanostructural characteristic of the electrode but also by long-
range and short-range dispersive interactions and mesoscale
phenomena that control the availability of the reagents (water
and carbon dioxide) at the interphase.

In Situ Surface-Sensitive APXPS Study. We focus here
on the interfacial structural dynamics observed for FeOOH/
NC upon constant polarization under a humidified CO,
atmosphere to provide insight into the origin of the high
selectivity toward isopropanol among the carbon dioxide
reduction products. The surface sensitivity of APXPS enables
us to increase the sensitivity of the measurement toward the
electrically active interface.

The gas environment in the APXPS chamber during the
experiments was composed of a constant CO, flow (0.09—0.1
mbar) that was fed via a mass flow controller and a variable
H,O pressure (0.05—0.09 mbar). The variable H,O pressure in
the chamber results from the transport of the aqueous
electrolyte solution (H,SO, 0.05 M) through the polymeric
electrolyte membrane into the measurement chamber.

For our in situ spectroscopic studies, we chose two
potentials, one in the region dominated by capacitive processes
(—0.3 Vvs Ag/AgCl) and the other one at the condition where
the productivity for CO, reduction products was found to be
the highest in the bench-scale tests (—1 V vs Ag/AgCl). In this
way, the changes of the surface species due to CO, reduction
can be assessed. The XPS spectra were fitted using the model
described in the Experimental section derived from the
annealing experiments presented in Supplementary Figures
S1—54 of the Supporting Information and is discussed in detail
therein. The peak assignments of the spectral components
derived from the fits of the C 1s, Fe 2p;,, and O 1s regions are
given in Tables 1—3 in the Experimental section, respectively.
The annealing experiment was also important to identify
structural transformations involving the formation of the Fe—C
species described below and found at a BE of 283.6 eV,**™%
which as it turns out are exclusively formed due to the
interaction of the surface Fe phase with CO, under
polarization during the in situ electrocatalytic measurements.
Indeed, as it is shown in Supplementary Figure S1, this species
was not formed during the annealing experiment, ruling out its
formation as a consequence of the interaction of the Fe phase
with the carbon support.

The C 1s XPS spectra for FeFOOH/NC at —0.3 and —1 V vs
Ag/AgCl in Figure Sa and b, respectively, are recorded during
the experiment reported in Figure 4f (yellow rhombus) at
different kinetic energies of the photoelectrons (KE) to afford
a compositional profile at different depths across the reactive
interface. In this in situ experiment, this sample showed a
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Figure S. Dynamics of C species during electrocatalytic conversion of
carbon dioxide in potentiostatic conditions. (a) Fitted C 1s spectra
measured for the FeFOOH/NC electrocatalysts at different excitation
energies as indicated under 0.09 mbar of CO, and 0.09 mbar of water
at a —0.3 V vs Ag/AgCl (measured cathodic current around —0.7
mA). (b) Spectra at —1 V vs Ag/AgCl (measured cathodic current
ranging from —1.3 to 1.4 mA) during the experiment reported in
Figure 4f (yellow rhombus). (c) Chemical configurations of the
carbon species on the support and corresponding color-coded peak
notation in the fitted C 1s XPS spectra. (d) CO,-related chemisorbed
carbon species on the Fe phase and corresponding color-coded peak
notation in the fitted C 1s XPS spectra. The support color scheme for
O, Fe, and H in the ferrihydrite slab is red, dark yellow, and white,
respectively.

relatively higher CO, reduction efficiency. Using the fitting
procedure summarized in Table 1,*** we consider that the
C—O0 bond species (CS component, black line) are due to 7-
system electron-withdrawing oxygen functionalities of the
substrate, which are more clearly visible at higher depth, as
well as the chemisorption of CO,-related species on the Fe
phase. The components describing the electronic structure of
C atoms with localized charge accumulation surrounding in-
plane point defects in the graphene layers (C1, green line) and
sp” carbon in graphite (C2, red line) are related to the
graphitic support. The C3 component (blue line) was
associated with disordered graphite and accounted for sp*/
sp® moieties and either dangling bonds at the periphery of the
graphene layers or large holes in the graphitic structure. From
an electronic structure viewpoint, this component can account
for any form of C atoms at the periphery of the graphene layers
that are characterized by some extent of localized charge
depletion due to the neighboring atoms,"*** including the N
edge-sites.*”*’ Indeed, this component is formed on CNTs
upon N-functionalization by a thermal treatment in NH; at
elevated temperatures,"”***> which is known to not only
introduce N species but also to exert an etching effect on the
graphite structure, generating more edge sites. This species is
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consistently found here more abundantly on FeOOH/NC
(Supplementary Figure S11c).

The component related to the sp® carbon (C4, magenta
line) can be due to either an amorphous carbon component of
the support or chemisorbed reduced species related to either
the electrolyte or CO, on the electrocatalytic surface. A
support scheme in Figure Sc shows the assignment of the XPS
peaks to the various chemical configurations of C on the
support, whereas Figure 5d describes the assignment of the
various C species chemisorbed on the Fe phase.

Noteworthy, at —0.3 V vs Ag/AgCl the amount of C—O
species described by the Cg component increases from the
surface toward the bulk at both potentials, suggesting that this
component is due mainly to the functionalized C support
buried underneath the Fe—OOH nanostructures and in a
minimal part to the C—O species formed as a consequence of
the CO, chemisorption at the surface. On the contrary, the
amount pure sp’> carbon or C—O and C—H chemisorbed on
the Fe component (C4, magenta line) decreases slightly from
the surface toward the bulk as expected for chemisorbed
species. The amount of the C3 component (blue line), due to
peripheral atoms of small graphite flakes with a high edge to
basal plane ratio, decreases from the surface toward the bulk.

At the lower voltage (—1 V vs Ag/AgCl) at which carbon
dioxide is reduced, the transformations involve a decrease of
the amount of C—O components and an increase of amount of
the peripheral sp’/sp* dangling bonds of the support (C3
component) as well as the appearance of a new component at
283.6 eV (orange peak in Figure Sb), which occurs most
abundantly in the topmost layer (hv = 43S eV). A carbon
component at 283.6 eV was found forming over Fe, Ni, and
Fe—Ta catalysts during the catalytical chemical vapor
deposition of monolayer graphene® and CNTs*® and was
attributed to weakly bound atomic C dissolved in the metal
phase; this should be distinguished from atomic C on the
metal surface, which would appear at even lower BEs.®* A
component at a similar BE was also found in the amorphous
Fe,_,C, films.%

We also note that at the excitation energy of 435 eV, the C—
O bond component is almost suppressed at —1 V vs Ag/AgCl,
which suggests that the part of the chemisorbed CO species
contributing to the CS5 component were quantitatively
converted at this potential into reduced C species.

We consider the nonlinear trends observed in the
distribution of some of the C species of the support (Cl
and C2) with an increased probing depth at the two different
voltages as an expression of an inhomogeneous and dynamic
interface under polarization. This interface is structurally
inhomogeneous in terms of the exposed C-support surface and
immobilized Fe—OOH nanostructures interacting with the
edge termination of the graphitic layers or being deposited on
the basal plane of graphite support, with either a weak
interaction for larger particles or a stronger interaction for low
nuclearity species at the edge of the graphene layers. These
nanostructures will contribute differently to the XPS spectra at
the different probing depths.

Supplementary Figure S15 of the Supporting Information
aims to clarify the volume probed by XPS at different
excitation energies across the C support—Fe phase interface
visualized by TEM. Briefly, we can consider that the bare
support surface and the surface of the Fe phase will be probed
by the most surface-sensitive measurements (for a perfectly
planar nonporous surface, the probing depth for C 1s at hv =

https://doi.org/10.1021/acscatal.1c04296
ACS Catal. 2022, 12, 411-430


https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c04296/suppl_file/cs1c04296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c04296/suppl_file/cs1c04296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c04296/suppl_file/cs1c04296_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c04296?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c04296?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c04296?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c04296?fig=fig5&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c04296?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

a

T-FEOOH/NC

[ 283 .6eV
sp?
defects
disordered
sp®
—— CO-bonds

Intensity (arbitrary units)

287 286 285 284 283

288 282
Binding Energy (eV)
(o T-FeOOH/NC
O1s l i 04 (C=0 a/olFe ox.)
-1V ——03 (C=0 alo Fe Ox.)

—— 02 (Fe oxides)
——0O1 (Fe oxides
——other CO-bonds

-0.3V

i~
473K_UHV

Intensity (arbitrary units)

536 534 532 530

Binding Energy (eV)

528

b

Intensity (arbitrary units)

Q

Intensity (cps)

Intensity (cps)

T-FeOOH/NC
T T T T T T T
!EZO?F(SZ)O3 Fe2py,
——Fe,0, -1V

———Rest of sat.

——FeO+Fe,04 )
——Fe,0, >
Rest of sat.

® o3 °2 s,

473K_UHV

——FeO+Fe,0,
——FeOOH
FeO+FeOOH
—— Fe,0,+FeOOH
Rest of sat

B

T T 1 T T T T T
720 718 716 714 712 710 708 706

722 704
Binding Energy (eV)
25.0k
20.0k} Fe2p,,
15.0k t o
—e—FeO(C)
10.0k } —&— Fe203
5.0k} —8— FeOOH
0.0 — - —
FeOOH/ T_FeOOH/ T-FeOOH/
NC/-0.3V NC/-1V NC/-0.3V
80.0k | O1s
60.0k
—e— 04
40.0k | —e—O03
200k} T —02
. T~ —e— 01
ool = 5 ——8 | & Otherco
FeOOH/  FeOOH/ T-FEOOH/ T-FeOOH! bonds
NC/-1V  NC-0.3V  NC-1V  NC/-0.3V

Figure 6. Influence of electrode reduction on the dynamics during the electrocatalytic conversion of carbon dioxide in potentiostatic conditions.
(a) Fitted C 1s XPS spectra, (b) fitted Fe 2p XPS spectra, and (c) fitted O 1s XPS spectra measured during the in situ experiments of a thermally
treated FeOOH/NC electrode (T-FeOOH/NC) at different conditions as indicated. The spectra at —0.3 and —1 V vs Ag/AgCl were measured at
KE =150 eV. At —0.3 V vs Ag/AgCl, the measured cathodic current was around —3 pA at 0.15 mbar of total pressur,e whereas at —1 V vs Ag/AgCl
the measured cathodic current ranged from —1.6 to —1 mA at a total pressure of 0.15 mbar. The catalytic performances during this experiment are
reported in Figure 4f (blue rhombus). (d) Relative intensity of Fe and O species during this experiment.

435 eV is ca. 0.5-1.8 nm),”° and the Fe—C—substrate
interface for the thin Fe oxyhydroxide films will be probed at
a higher depth (for a perfectly planar nonporous surface, the
probing depth for C 1s at hv = 860 eV is ca. 1.2—3.6 nm).”°
The abundance of single Fe atoms should decrease at higher
depths. These inhomogeneities and dynamics are particularly
evident by the fact that the components due to the graphitic
support, namely the graphitic C component (red line) and the
point defect component (green), change across the interface
and at the different potentials.

Although there is not a unique explanation for this, we
believe that in the most surface-sensitive spectrum, the
graphitic component (red component) and the defective
component (green component) are due to the bare ordered
support, while the C3 component accounts for the edges of the
graphene layers (disordered graphite component) either
exposed or decorated with single Fe atoms and 2D FeOOH
clusters. The edge termination of the graphite layers
underneath the Fe oxyhydroxide thin film in Figure 3 will be
probed at a higher excitation energy (Supplementary Figure
S15). The fact that the edge sides of the disordered graphite
components (blue line) as well as the defective component
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(green line) exhibit higher intensities across the probed
volume at a lower voltage while the graphitic component has a
lower intensity compared to the spectra at a higher voltage
indicates that these low-nuclearity and low-dimensional Fe
species interacting with the edge planes of the graphitic
support undergo structural transformations under cathodic
polarization. This is consistent with either the generation or
the exposure of buried edge terminations interacting with the
Fe phases and at the same time generating or exposing point
defects on the basal planes. The sintering of large particles on
the basal planes of the graphitic structure could also explain the
decrease of the amount of the graphitic component.

Previously we identified in situ formed Fe(Il) species as
active sites for CO, reduction.” To identify the surface
structural dynamics of Fe(II)-abundant electrocatalysts, we
have reduced FeOOH/NC at 473 K (T-FeOOH/NC). This
reduction was monitored by in situ NEXAFS at the Fe L-
edges*' in combination with electron diffraction to confirm
that the ferrihydrite-like phase was partially reduced, leading to
a segregated phase of FeO in Fe;0,."'

In Figure 6 we report the in situ XPS characterization of this
reduced sample during the CO,RR at different voltages
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together with the relative abundance of the species. This
experiment is related to the catalytic data reported in Figure 4f
(blue rhombus) that show relatively low H, production and
thus a higher CO, reduction product selectivity, which is
comparable to that of the previous samples.

In Figure 6a, the C 1s XPS core levels measured at —0.3 and
—1 V vs Ag/AgCl are reported together with the spectrum of
the sample annealed at 473 K in UHV. While the reduction of
Fe(III) to Fe(II) was confirmed during the thermal pretreat-
ment, one must bear in mind that the annealed sample was
then briefly exposed to air before being mounted onto the
ISEC for the in situ EC study. As a consequence, the Fe(II)
surface species are partly reoxidized and hydrated Fe(III)
species.

In this annealed sample, we can see that the abundance of
the Fe—C component (orange line) slightly increases as well as
the abundance of the graphite peripheral C species (C3
component, blue line). As reported in dedicated literature, the
dissolution of C atoms in Fe oxides also leads to an Fe—C
component at the same BE as that for FeO®" (both
contributing to the red component in Figure 6b). We should
point out that there is a more pronounced change in the C
speciation for the in situ measurements at —0.3 V vs Ag/AgCl
when compared to the UHV measurements, which indicates
that most of the structural transformation occurred during the
preceding CV under CO,. Nevertheless, during these
spectroscopic measurements the performance of the electro-
catalyst was shown to be selective toward CO, reduction;
therefore, these dynamics can be correlated to the active
surface. We analyzed the O 1s core level in Figure 6¢ by
considering components related to FeOOH and FeO phases
(in red, magenta, blue, and green) and, for the polarized
samples, those related to the C—O species within the electrical
double layer. The latter were found in a broad range of BEs,
also overlapping with Fe—O species. C=0 species contribu-
ting to the green and blue components are those chemisorbed
on the Fe phase, whereas the gray components are related to
C—O species on the support or electrophilic or acidic CO,-
derived chemisorbed species. We can see that the amount of
Fe(1II)—O species (O1 and O2 components) decreases as the
potential decreases whereas Fe(II)—O are still well pro-
nounced (O3 and O4 components). This observation suggests
the almost quantitative reduction of the FeOOH phase, which
is consistent with the changes observed in the Fe 2p XPS
spectrum (Figure 6b) when accounting for the disappearance
of the FeOOH related components and the increased
abundance of the lower BE Fe(II) species accompanied by a
shift of the satellites to lower BEs.

These dynamics can be better evaluated by analyzing the
peak intensities of the O 1s and Fe 2p components at the
different experimental conditions, which are reported in Figure
6d for both FeOOH/NC and T-FeOOH/NC samples. For T-
FeOOH/NC, we note a small increase of the abundance of
Fe(II) at the lowest voltage (—1 V), probably due to an oxide
phase with dissolved interstitial C atoms Fe(II)—O(C). This
observation is supported by a similar increase in the amount of
the Fe-dissolved atomic or weakly bound atomic C peak in the
C 1s region (orange peak). We also note a small increase of the
amount of C—O related components, which may be related to
the CO chemisorbed species (OS—O7 components). In
contrast, FeOOH/NC is a mixture of solely Fe(IIl) oxides,
where the absolute abundance of Fe species appears to be
much higher than that for T-FeOOH/NC. Noteably, we can
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see that the amount of CO species (O5—07) increases in a
more pronounced manner when the potential for FeFOOH/NC
is lower. We consider this as a result of the higher Fe
abundance for this sample in which a higher population of CO,
chemisorbed species can be accommodated. However, given
that a cathodic polarization is applied, it is possible to infer that
these acidic species are not located in regions where faradaic
cathodic processes take place (e.g., few-layer Ferrihydrite) but
instead on the surface of poorly conductive larger particles,
contributing to most of the signal in both the Fe 2p and O 1s
XPS spectra for this sample. Note that for both samples,
FeOOH/NC and T-FeOOH/NC, the changes of the Fe
oxidation state due to the polarization are very small. Both
samples show similar performances (blue and yellow rhombus
in Figure 4f).

In addition, the N 1s region was monitored for each sample
under in situ conditions to account for possible changes of the
N of the substrate (not shown). Under the surface-sensitive
condition applied, here no changes were observed. The
evolution of both the Fe states and the N states will be
discussed further in the next section.

Near-Surface Sensitive In Situ NEXAFS Study.
FeOOH/NC and FeOOH/OC in situ dynamics were also
analyzed by means of NEXAFS spectroscopy in terms of both
the total electron yield (TEY) and the Auger electron yield
(AEY). These experiments put in evidence how ferrihydrite
transforms by a reaction with CO, under the conditions
realized in the in situ chamber. Fe L;-edge NEXAFS spectra of
FeOOH/OC and FeOOH/NC are shown in Supplementary
Figures S16a and S16b, respectively.

The spectra were recorded in UHV conditions and in the in
situ electrochemical cell at —0.3 V vs Ag/AgCl. As mentioned
before, this potential enables us to characterize the adsorbates
present before the electrocatalytic turnover takes place. The
spectra of both samples, FFOOH/NC and FeOOH/OC, in
UHYV are characterized by the resonances R1 (2p — 3t2g) at
709 eV and R2 (2p — 3eg) at 710.4 eV, which are typical of
Fe(II) species. The difference spectrum of these samples
shows a more intense resonance at a low excitation energy for
the FeOOH/NC, which is a si§nature of a few Fe(II) sites
(Supplementary Figure S11a).*' Besides Fe(III) species in
octahedral sites, the ferrihydrite-like structure also presents
Fe(III) species in tetrahedral sites, which were identified in the
Fe L-edge NEXAFS spectrum as an additional resonance
between the main t2g and eg resonances of the Fe(IIl) in O,
symmetry.67

Interestingly, for FeOOH/OC we observed a loss in the
signal of only the latter peak, which represents the tetrahedral
sites, under polarization at —0.3 V vs Ag/AgCI. This signal loss
could be the result of either the chemisorption of both CO,
and H,O on undercoordinated tetrahedral sites or a structural
transformation due to the polarization. In contrast for the
FeOOH/NC sample, not only did the tetrahedral sites
disappear but the Fe(II) species present in small amounts
also decreased, as can be seen from the reduced intensity of the
lower energy resonance. This diminution is likely related to the
coordination of CO,, leading to a higher degree of in situ
transformation. Note that at a more negative potential (—1 V
vs Ag/AgCl), no further significant changes in the Fe L-edge
NEXAFS spectrum (not shown here) could be seen.

From these observations, we conclude that only a small
fraction of the sample is exposed to the reactive atmosphere
while most of the Fe species remain unchanged, which is
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consistent with a picture in which the Fe L-edge NEXAFS
signal is dominated by the contribution from large particles.

Moreover, the observation that large parts of the sample are
unaffected by the polarization even at —1 V vs Ag/AgCl can be
explained by accounting for the poor electron conductivity of
the large ferrihydrite-like particles. The resistivity of goethite
(a-FeOOH) and lepidocrocite (y-FeOOH) thin layers is
around 1 X 10° Q cm compared to those of the equivalent
oxide layers, which range from 2.4 X 10° to 1.1 X 10% Q cm.®®
Although it is not possible to directly measure the electronic
conductivity of our ferrihydrite-like thin layers with respect to
larger particles, the resistivity values reported above indicate
that for particles larger than a few nanometers the resistivity is
too high to allow an eflicient transport of electrons to the
surface of large ferrihydrite particles (20—50 nm), even via the
application of a potential. This is in agreement with the use of
iron oxide- or hydroxide-based electrode materials for
supercapacitors.69

Therefore, only Fe-OOH nanoclusters and the ferrihydrite-
like thin layers (1—3 nm) will allow the sufficient electron
transport needed for the reduction of chemisorbed CO,
species, as manifested by structural dynamics induced by the
potential. It is also apparent that only a limited number of
active centers in the Fe oxyhydroxide phase can chemisorb
CO, and thus result in electron transfer, the first step toward
CO, reduction. Most likely, these active centers are tetrahedral
iron sites, as shown by the Fe L-edge spectra.

We also investigated the samples by NEXAFS at the N K-
edge in UHV and under electrochemical polarization in
Supplementary Figures S17a and S17b for FeOOH/OC and
FeOOH/NC, respectively. The N K-edge spectra for these
samples are characterized by a broad ¢* resonance at 409 eV
that was suggested to be an interstitial N atom in the sp’
bonding configuration, substituting an O atom in the Fe
oxyhydroxide phase.' These nitrogen species in the fresh
samples are derived from some residual N impurities due to
the use of iron nitrate as a precursor to prepare the Fe
oxyhydroxide phase. Compared to the spectra under UHV
conditions, the N K-edge spectra of both samples measured at
—0.3 V vs Ag/AgCl show the sharp resonance of molecular
NO, species at approximately 405 eV, while the main
resonance is downshifted. The detailed analysis of these
spectra is beyond the scope of this work, yet we note that the
hydrolysis of these N impurities to form NO, moieties’’
generates undercoordinated Fe atoms, which are the sites
available for CO, chemisorption. The broad feature between
410 and 420 eV that appeared in the NK edge spectra of the
electrocatalyst under in situ conditions was also observed for
diamine-appended metal—organic frameworks upon the
insertion of CO, into the Mg—N bond.”

The adsorption of CO, was confirmed in the case of
FeOOH/NC in the C K-edge NEXAFS spectra (Supple-
mentary Figure S18b). Particularly, we observed a resonance at
an excitation energy of ~286.5 eV, which was previously
reported for adsorbed CO.* Indeed, the oxidation of the few
Fe(II) sites could corroborate the dissociative chemisorption
of CO, on reduced Fe(Il). The amount of CO chemisorbed is
significantly lower on FeOOH/OC (Supplementary Figure
S18a), which is in agreement with the data on the
electrocatalytic reactivity (Figure 4a) that show a lower
efficiency toward carbon dioxide reduction.

Theoretical Modeling. Theoretical simulations were
performed to elucidate binding geometries and strengths of
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CO, on the Fe oxyhydroxide phase and the bare NC support.
Note that these results do not consider a wet surface and the
presence of an applied potential.””> Nevertheless, our
simulations provide crucial information on the modalities of
the chemisorption of CO, and the formation of isopropanol on
Fe oxyhydroxide phases for the gas-phase CO,RR. As shown in
Figure 7a, while the CO, molecule only physisorbs on the
simulated pristine NC (E,g, = —0.14 eV), it chemisorbs and
activates on FeOOH (E4 = —0.56 eV).

Figure 7. Rationalization of the C—C mechanism over thin-layer
ferrihydrite via a computational analysis of the carbon dioxide
adsorption geometry. (a) Schematic representation of (left) CO,
physisorption on pristine NC and (right) CO, chemisorption on
FeOOH/NC. The support color scheme for C, N, O, Fe, and H is
brown, light blue, red, dark yellow, and white, respectively. For better
distinction, C is black and O is blue in the CO, molecule. All
distances and angles are in angstroms and degrees, respectively. (b)
Schematic representations of (left) two coadsorbed molecules of CO,
and (right) dissociated CO, on FeOOH/NC. The support color
scheme for C, N, O, Fe, and H is brown, blue, red, dark yellow, and
white, respectively. The CO, molecule is black and blue. All distances
and angles are in angstroms and degrees respectively.

The chemisorption was confirmed both by the small surface-
to-adsorbate distance and the elongated C—O bonds within
the CO, molecule due to electrons being transferred to its
antibonding orbital.>> This ability of FeOOH to activate CO,
likely explains its catalytic activity for CO,RR. After activation
and under AN external reduction potential, CO, dissociates
and hydrogenates, leading to the chemisorbed intermediate
species, eg, CO, that was observed experimentally.32 The
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complete reduction of such species yields adsorbed C,
promoting the formation of interstitial C.

Figure 7b indicates a distance of 3.454 A between two
adsorbed CO, groups. During the electrochemical process,
reduced species sitting in such active sites are close enough to
interact and form C—C bonds, yielding C,, products.

We performed a series of calculations to validate the
presence of C atoms on the FeOOH surface, as adsorbed CO
may undergo further reduction to generate another H,O
molecule. In the first instance, forming a C adatom
perpendicular the FeOOH surface is rather unfavorable
(CO*+ 2[H* + e7] —» C* + H,0; AE = 1.5 eV); however,
the FeOOH is dynamic and may accommodate C within the
lattice (Figure 8). The CO reduction leading to C in the

Figure 8. Top-view schematic representation of (left) a C adatom
(black) within the FeOOH lattice and (right) a C atom (black)
replacing an O atom in FeOOH. Inset values indicate distances and
angles in angstroms and degrees. The support color scheme for C, N,
O, Fe, and H are brown, light blue, red, dark yellow, and white,
respectively.

FeOOH lattice (AE = 0.75 eV) may take place under
moderate reduction. The formation of a lattice C atom is far
more feasible, and exothermic, when it occupies an oxygen
vacancy (AE = —1.29 eV), eg, under reductive conditions,
FeOOH may establish an equilibrium between its reduced
form and water molecules in the solution. Hence, the aliphatic
fragment may adopt different length and conformations when
the concentration of C species on the FeOOH surface
increases.

We investigated the mechanism leading to n-propanol and
isopropanol. The left-hand side of Figure 9 shows both product
relative energies and, toward the right, intermediate species
adsorbed on FeOOH/NC. The energies are relative to isolated
reactants balanced with the number of water molecules yielded
upon CO, reduction, i, 3Eco, + 18/2Ey, — 5Ey,o. The CO,

reduction into methanol is driven by the exothermic formation
of water molecules. The thermodynamic profiles indicate a
preferential reduction of terminal methyl groups, as shown by
the high relative energies of intermediates i-1b, n-2b, and n-2¢
in Figure 9 for the pathways toward isopropanol and n-
propanol. The FeOOH/NC selectivity to form isopropanol
across the n/i competitive route is determined by the higher
stability of intermediates toward isopropanol, as shown by the
relative energy of i-la versus that of n-la. Namely,
intermediates n-2¢, n-2b, and i-1b are accessible at higher
energies than the low-energy pathway, which moves from n-2a
to n-1a and to n-propanoate before desorbing as n-propanol.
Postulated Model of the Active Site and Mechanism.
The results of the surface-sensitive APXPS and the more bulk-
sensitive NEXAFS in situ measurements under polarization and
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Figure 9. Relative thermodynamic energy profile for the formation of
propanol and isopropanol from their deprotonated form. The
different dotted lines indicate the formation paths to propanoate
(blue line) and isopropanoate (red line). The bold group in the inset
schematic representation of each intermediate indicates the changes
(reduction) to the following structure in the reaction path, ie., right to

left.

the controlled CO, + H,O feed together with electron
microscopy, electrocatalytic and cyclic voltammetry tests, and
theory provide new insights into the dynamics of polarized
FeOOH supported on N-doped carbon and the mechanisms of
the conversion of CO, into C; products. Although these two
aspects are strictly related, we discuss them separately for the
sake of clarity.

Doping the carbon support with N creates a ferrihydrite-like
catalyst with a productivity to isopropanol about one order of
magnitude higher than the productivity obtained in the case of
the O—C support. This enhanced productivity is also shown in
the large increase of the carbon Faradaic efficiency to
isopropanol (ie, with respect to CO, reduction products),
which reaches over 90% for FeFOOH/NC. To understand the
role of the N-functionalization of the support, we should
consider the coexistence of large ferrihydrite-like NPs and thin
ferrihydrite layers as well as single atoms. These ferrihydrite
layers are quasi-2D nanostructures and directly interact with
the edges of the graphitic support where functional groups are
present (Figure 3d—g).

As shown by the in situ spectroscopic data, only a fraction of
the Fe phase is actually responsive to the electrode potential,
and this fraction accounts for low-nuclearity Fe species and
thin films. This fractional response can be explained by the
poor conductivity of large particles of the ferrihydrite phase;
moreover, one should consider the anisotropic character of
graphite that also manifests in the directionality of electron
conduction. In order for electron tunnelling from the support
to the Fe phase bearing CO, species to occur, the interaction
of the latter with the edge of the graphene layers must exist.

We can thus conclude that N-doping enables stronger bonds
between the thin FeOOH species and the edge planes, which
are the most electroactive species in our reaction conditions,
ie., the gas-phase CO,RR under the experimental conditions
investigated here corresponding to the condition of highest
isopropanol selectivity. We indeed observe that FeOOH/NC
enables reduced Fe(II) species”*' that were predicted to occur
due to the interaction with the N sites and were not observed
for FefOOH/OC.
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The N-functionalization influences the hydrophobic or
hydrophilic character of the carbon surface, which in turn
influences the short- and long-range dispersive interactions,
with the reagents modulating the proton availability. These
interactions are particularly beneficial for reducing the surface
coverage by excessive water in favor of the adsorption of CO,
molecules and explain both the different behavior between
different experiments on chemically identical FeFOOH/NC and
the improved performance of this sample compared to that of
FeOOH/OC (Figure 4e and f and Supplementary Figure
S14a).

The O 1s core level spectra for FeOOH/NC upon
polarization are dominated by OH and C—O species (Figure
6¢). The predominant effect we observe at a more negative
potential, when CO, reduction occurs, is a reduction of the
C=O0 chemisorbed on the metal species (part of the O3
component in Figure 6c), which is accompanied by the
increase in the amount of the component assigned to the Fe—
C species of interstitial or weakly bound atomic C in the Fe
phase in the most surface-sensitive experiment (Figures Sb and
6a).°*7%73 The amounts of other more electron-deficient CO
species (part of the higher BE species in Figure 6¢) increase as
the potential decreases but are related to chemisorbed species
due to capacitive processes on larger particles. The NEXAFS
data show changes in the symmetry of the Fe sites (Fe L-edge
NEXAFS in Supplementary Figure S16) induced by the
hydrolysis of Fe—O and Fe—N bonds with the formation of
NO, moieties (Supplementary Figure S17). We postulate that
coordinatively unsaturated Fe species are then able to
coordinate and dissociate CO, into CO, as seen in previous
controlled experiments.’

We consider that isopropanol formation is favored on the
thin ferrihydrite phases stabilized by the interaction with the
N-doping centers of carbon graphitic edges. Based on the
results gathered, we hypothesize that the role of the N species
at the edges is to favor the interfacial electron transfer process
through the thin quasi 2D ferrihydrite layer to the chemisorbed
species.”* As a consequence, these species determine the redox
potential at which this process occurs.

Various studies’>~"” have indicated that atomically dispersed
Fe(III) sites are efficient in the CO, electroreduction to CO.
On the one hand, we did not observe CO formation during the
catalytic testing (Figure 4a and Supplementary Figure S14b—
d). On the other hand, it is unlikely that single sites would be
able, per se, to catalyze a multielectron transfer reaction such as
isopropanol production, ie, an 18e” reduction of CO,. In
addition, during the in situ measurements reported in Figure Sa
and b as well as those in Figure 6a, we note a very dynamic
metal support interface where the abundance of the peripheral
C atoms of the graphene layers increases significantly as a
consequence of the applied potential (due to both the CV and
the subsequent CA).

Thus, we expect some mobility of the Fe single atoms to
form clusters. We can focus the discussion on Fe—OOH
nanoclusters and ferrihydrite-like thin layers, both of which sit
at defective or edge sites of the graphitic support. These could
be considered equivalent in terms of their reaction mechanism.
The surface atomic C-species observed by C 1s XPS at 283.6
eV, generated in situ from CO, or CO reduction, are mobile
and dissolve into the Fe phase upon polarization for selective
CO, reduction. According to the theoretical calculation, the C
adatoms are formed from the reduction of CO surface species
and, due to the geometrical constraints imposed by the
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ferrihydrite structure, get close in proximity to other C surface
species, with their configuration favoring fast coupling
reactions.

A competition between the dissolution of atomic C in the
near-surface region, its hydrogenation at the surface, and its
reaction with chemisorbed C species leads to the selective
formation of isopropanol, which is aligned with the epitaxial
FeOOH interface. The availability of protons and electrons will
determine the rates of hydrogenation and desorption of these
intermediates versus the possibility of forming heavier
products. A simplified model of the electroactive sites and
the mechanism of C; product formation in FeOOH/NC is
presented in Supplementary Scheme S1 in the Supporting
Information.

Water acts not only as a competitive chemisorption species
but also as a competitive species for electron transfer, which is
a limiting factor in the behavior of these supported FeOOH.
Thus, a gas-phase approach as in CO,GR allows the provision
of water to be limited, thus favoring the formation of
multicarbon species.””*"”® This multicarbon selectivity is
possible by controlling the potential to limit side reactions of
protons or electron recombination and, at the same time, to
avoid the excessive reduction of the FeOOH, which would lead
to a selective state for the HER. We also consider that the
extent of the dissolution of atomic C should be limited to the
topmost atomic layers of the Fe phase to prevent the formation
of a more stable carbide, which would be active for the HER.”®
A partially reduced thin layer of Fe(II) oxide in which lattice O
atoms coexists with C atoms is an ideal phase where the N
functionalization plays a crucial role in both stabilizing this
structure and preventing phase transformation into HER active
phases. Our experimental observations agree with a recent
theoretical mechanistic study invoking atomic C in the
formation of C; products.”” Note that when a liquid electrolyte
is in contact with the electrocatalyst (as in most of the
contribution in the literature), a different mechanism may be
possible. There, the larger availability of protons and water
molecules explains the selectivity to acetic acid observed for
the chemically identical systems in ref 6.

B CONCLUSION

An in situ APXPS and NEXAFS study of the structural
dynamics of carbon-supported FeOOH electrocatalysts in
combination with electrocatalytic reactivity, multilength-scale
electron microscopy, and theoretical modeling provides new
insights into the gas-phase selective reduction of CO, to C;
species (isopropanol). These gas-phase operations allow us to
maximize the formation of C,, products.

We discovered a new mechanism of formation for C,
products on the Fe-phase, which involves the intermediate
formation of atomic C due to the ability of Fe to dissolve
interstitial C. The mechanism is effective only over few-layer
FeOOH species, while thicker ferrihydrite-like nanoparticles
remain largely inactive.

With respect to the three initial questions posed in the
introduction, these results indicate a series of novel aspects
regarding the factors responsible for the formation of C,,
products in the electrocatalytic reduction of CO,:

1. Not only metallic Cu but also thin oxide films on a
conductive support form a C,, product.

2. A more complex mechanism than surface coupling of
chemisorbed species, which involves the near-surface
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region of the electrode and its ability to host
heteroatoms, leads to C,, products.

3. Factors other than nanoconfinement, surface strains, and
presence of tightly coupled atoms may lead to the
formation C,, products, such as controlling the
availability of reactants via a dispersive interaction
involving support surface chemistry.

These results describe a new chemistry for the synthesis of
long-chain organic molecules, which had not yet been
disclosed. We suggest that other elements able to dissolve C
atoms could be used to obtain longer chain hydrocarbons
under modulated experimental conditions that favor their
subsequent hydrogenation at the expenses of stable carbide
forms.
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