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Understanding the Origin of Highly Selective CO:
Electroreduction to CO on Ni, N-doped Carbon Catalysts
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Abstract: Ni, N-doped carbon catalysts have shown promising
catalytic performance for CO, electroreduction (CO;R) to CO; this
activity has often been attributed to the presence of nitrogen-
coordinated, single Ni atom active sites. However, experimentally
confirming Ni-N bonding and correlating CO; reduction (CO2R) activity
to these species has remained a fundamental challenge. We
synthesized  polyacrylonitrile-derived  Ni, N-doped carbon
electrocatalysts (Ni-PACN) with a range of pyrolysis temperatures and
Ni loadings and correlated their electrochemical activity with extensive
physiochemical characterization to rigorously address the origin of
activity in these materials. We found that the CO,R to CO partial
current density increased with increased Ni content before plateauing
at 2 wt% which suggests a dispersed Ni active site. These dispersed
active sites were investigated by hard and soft x-ray spectroscopy,
which revealed that pyrrolic nitrogen ligands selectively bind Ni atoms
in a distorted square-planar geometry that strongly resembles the
active sites of molecular metal-porphyrin catalysts.

Introduction

The development of economically viable methods to produce
carbon-neutral fuels and chemicals is essential for the realization
of a sustainable energy economy.! Direct electrochemical
reduction of carbon dioxide (CO,) would help achieve this goal by
utilizing renewable electricity to drive the production of value-
added chemicals such as carbon monoxide, formate, ethylene,
and ethanol.? Much of the work on the electrochemical reduction
of CO; reduction (CO2R) to date has focused on using transition
metal surfaces that display selectivity for CO, conversion to a
variety of C;-C3 products.®* Among these, carbon monoxide (CO)
is a particularly desirable product because of its industrial usage
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in the production of a wide variety of chemical products including
phosgene, methanol, and aliphatic aldehydes.® Synthesis gas, a
mixture of CO and Hy, can also be used directly to produce liquid
hydrocarbons in the gasoline and diesel range via the Fischer-
Tropsch synthesis. Currently, most CO is produced from coal
gasification or steam methane reforming; both methods relying on
fossil fuels as the chemical feedstock.® Thus, the electrochemical
synthesis of CO from CO; would help provide a renewable route
towards the precursors of many desirable commodity chemicals
and fuels. A recent techno-economic analysis identified that large-
scale electrochemical production of CO is a promising technology
with positive projected economic value.® These projections are
based on estimates on the activity and selectivity of the
electrocatalysts used for the CO, to CO conversion; thus,
improving electrocatalytic performance is a strategy for improving
the overall economics of CO; electrolysis. Currently, the most
widely studied electrocatalysts for CO, electroreduction to CO are
Ag and Au metallic surfaces.” Despite the demonstrated
performance of these catalysts, further catalyst discovery efforts
are necessary to address the potentially prohibitive prices of these
precious metal catalysts and to further improve the activity and
selectivity of the catalysts in order to drive CO; electroreduction
towards industrial relevance.

Heteroatom-doped graphitic carbon materials, particularly
nitrogen-doped carbon (N-C), or metal and nitrogen doped carbon
(M-N-C) catalysts are an exciting class of materials that are
particularly well-suited for electrocatalytic applications due to their
intrinsic electronic conductivity, low-cost, and high surface area.
Importantly, these materials contain p-block elements, C and N,
which perturbs the assumptions of the d-band model which has
been shown to govern the intrinsic catalytic activity of metallic
surfaces.® Thus, the active sites in M-N-C catalysts hold promise
for circumventing the limitations of metallic catalysts and
achieving improved catalyst activity. This class of materials,
particularly Fe-N-C, has already been shown to have high
electrocatalytic activity for the oxygen reduction reaction (ORR)
in acidic electrolytes.%*

In the CO; electroreduction literature, highly selective CO
reduction to CO has been reported by many groups for both N-C
and M-N-C catalysts, with M = Fe, Co, and Ni showing the most
promising performance.%'2 Among these materials, Ni-N-C has
been reported by many groups to have Faradaic efficiencies
toward CO exceeding 90%.1%2' The proposed active site
structure for Ni-N-C is atomically dispersed Ni-Ny sites, a
hypothesis that has been made based on evidence from electron
microscopy,*® hard X-ray absorption spectroscopy,® and density
functional theory”. This active site determination closely matches
the conclusions of the ORR literature for the Fe-N-C system
where activity is attributed to FeN4Cx sites that bear strong
structure resemblance to typical molecular catalysts such as
metal porphyrins and metal phthalocyanines.
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The Ni-N-C for CO2R reports have, however, varied in their
assignment of Ni oxidation state, coordination number, and
bonding environment, and have not shown conclusive evidence
of nitrogen-nickel bonding.*32! In addition, previous reports have
focused far more on characterizing Ni in the single atom form with
less attention to the role of Ni aggregates in controlling the
catalytic performance of Ni-N-C materials. Thus, open challenges
remain in confirming that nickel-nitrogen bonding occurs in these
materials, and in conclusively attributing catalytic activity to these
dispersed Ni species.

To address this challenge, we tested a series of polymer-
derived Ni-N-C catalysts synthesized through pyrolysis of
polyacrylonitrile (PACN) particles and nickel nitrate at a range of
Ni loadings and pyrolysis temperatures. PACN was synthesized
directly from the acrylonitrile monomer in order to reduce metal
contamination that is present in many commercial carbon
materials such as carbon nanotubes, graphene, and graphite.

Through electrochemical CO- reduction testing, we show
that Ni-PACN exhibits >95% selectivity to CO at electrode
potentials between -0.7V and -1.1V vs RHE and that the partial
geometric current density towards CO increases steadily with
increased Ni catalyst loadings before plateauing at 14 mA/cm? at
2 wt% and higher Ni loadings. We showed that this CO, to CO
conversion is unaffected by the appearance of Ni nanoparticles at
high Ni loadings, although metallic Ni nanoparticles are expected
to be active for the competing HER. We find that at sufficiently
high pyrolysis temperatures (>700°C), Ni nanoparticles catalyze
graphitization and are covered by carbon shells, which suppress
the expected HER? by restricting electrolyte access. We then
propose that the plateau of partial current density towards CO
provides electrokinetic evidence that dispersed Ni atoms are
active sites for CO2R. We used both hard (Ni K-edge) and soft x-
ray (Ni L-edge and N K-edge) spectroscopic techniques to show
that nickel-nitrogen coordination occurs in these materials, and
that dispersed Ni atoms are likely coordinated to pyrrolic and
pyridinic nitrogen ligands in a distorted square planar geometry.
These findings demonstrate a direct link between homogeneous
and heterogeneous catalysis as the dispersed Ni atoms are
structurally similar to the pyrrolic nitrogen-coordinated metal
centers in metal porphyrins. This combination of rigorous
electrochemical testing and extensive physiochemical
characterization clearly elucidates the origin of exceptional CO
selectivity of Ni-N-C materials and can guide future catalyst
design efforts for M-N-C-catalyzed CO, electroreduction.

Results and Discussion

Synthesis and Microscopy of Ni-PACN Electrocatalysts:
PACN-derived electrocatalysts were synthesized by a facile
polymerization, -oxidation, and pyrolysis procedure [Figure 1A,
full experimental details in Supporting Information]. In brief,
free-radical polymerization of acrylonitrile, initiated by
azobisisobutyronitrile  (AIBN), leads to formation of self-
assembled flower-like superstructures as reported previously.?®
This step was performed with the addition of Ni salt in varying
amounts to produce Ni-PACN catalysts with a distribution of Ni
loadings. These polymer particles are stabilized by an oxidative
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treatment at 230°C in air and subsequently pyrolyzed at 900°C in
N, to produce the final Ni-PACN catalyst. The oxidative
stabilization cyclizes and rigidifies the carbon framework which
prevents the polymer from melting during high-temperature
pyrolysis conditions, preserving the initial polymer particle
morphology.

SEM imaging [Figures 1B, 1C] shows that the resulting
catalysts have a nanostructured morphology which is insensitive
to increased Ni weight loading as demonstrated in two
representative samples, NiPACN-low (0.5 wt% Ni) and NiPACN-
high (3.4 wt% Ni), with the final Ni weight loadings quantified in
the final catalyst material by X-ray Fluorescence (XRF)
spectroscopy. This shows that the assembly of the polymer
superstructure is not strongly affected by the concentration of
Ni(NO3), salt in the reaction solution. This result allows us to make
fair catalytic comparisons between Ni-PACN catalysts with
different Ni loading because activity differences are unlikely to
stem from morphological differences between the catalysts.
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Figure 1. (A) Synthesis schematic shown for Ni-PACN. The final Ni-PACN
structure containing a distribution of Ni nanoparticles (blue) and Ni-N-C sites
(above molecular schematic shows hypothesized NiN4 sites). SEM images of
NiPACN-low (B) and NiPACN-high (C)

To further investigate the effect of Ni loading on the catalyst
properties, STEM-HAADF imaging and EDS mapping of NiPACN-
low and NiPACN-high was conducted [Figure 2]. By HAADF
imaging, no Ni aggregates are evident on NiPACN-low, while
high-contrast Ni-containing nanopatrticles are present throughout
the NiPACN-high structure. EDS mapping confirms the presence
of Ni in both catalysts and shows that NiPACN-low contains
uniformly distributed Ni signal, while NiPACN-high also contains
Ni clusters corresponding to the nanoparticles observed by
HAADF [Figure 2]. The color-intensity scaling of the NiPACN-
high map makes it difficult to confirm the existence of dispersed
Ni signal due to the high intensity aggregate regions but EDS
maps of NiPACN-high taken in regions without aggregates show
similar Ni signal to the NiPACN-low EDS map [SI Figure 2]. In



both materials, EDS maps show a homogeneous distribution of
nitrogen and oxygen dopants throughout the predominantly
carbon matrix. We conclude that the primary effect of increasing
Ni loading in Ni-PACN materials is the formation of Ni
nanoparticles. Prior literature conclusively shows that Ni surfaces
produce nearly exclusively hydrogen under CO, reduction
conditions and their existence would be expected to reduce the
selectivity of Ni-N-C catalysts for CO, reduction to CO.

NiPACN-high

Figure 2. STEM-HAADF and EDS maps for Ni, C, N and O for NiPACN-low
(top) and NiPACN-high (bottom).

CO;, Electroreduction Performance

The catalytic performance of Ni-PACN for CO;
electroreduction was assessed in a CO. vapor-fed, three-
compartment electrochemical cell [SI Figure 1]. The NiPACN-low
shows near-unity selectivity towards CO at electrode potentials
between -0.7V and -1.1V vs RHE [Figure 3A]. This high
selectivity is in agreement with many recent literature reports of
selective CO production in Ni, N-doped carbon materials
[summary of past reported Ni-N-C catalysts in S| Table 2].1%%!
The partial current density towards CO increases with applied
electrode potential and reaches 21 mA/cm? at -1.1V vs RHE
before the onset of hydrogen evolution which results in a plateau
in jco and an increase of ji to 40 mA/cm? at -1.3V vs RHE [Figure
3B]. We note that PACN, a Ni-free sample, produced negligible
CO when tested at the same electrode potential which directly
implicates Ni in the formation of the CO2R active site [SI Figure
3].

To further investigate the electrochemical CO; reduction
performance of Ni-PACN catalysts, we synthesized and tested a
series of Ni-PACN with varying Ni contents. All catalysts were
evaluated at -0.8V vs RHE to ensure that the current density
would be below the transport-limited CO2R current density of the
cell, (estimated at ~20 mA/cm? from Fig 3B).

Figure 3C shows partial current densities towards CO (jco)
plotted as a function of wt% Ni content in the catalyst. The jco of
Ni-PACN rises with Ni content up to approximately 2 wt%, before
plateauing at 14 mA/cm? with increasing amounts of Ni. This
behavior indicates that catalytic activity is directly correlated to the
Ni weight loading at low Ni loadings, but that above 2 wt% Ni the
additional Ni does not create additional CO, reduction active sites.

Thus, the addition of dilute Ni to PACN produces a CO2R
active site while high Ni loadings lead to aggregates and no
substantial change in catalyst activity; these observations
represent electrokinetic evidence for a dispersed Ni active site.
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Similar relationships between catalyst activity and metal loading
have been used as evidence for dispersed active sites in the Fe-
N-C system for ORR and WOy-SIiO, system for olefin
metathesis.?*?> The nature of this dispersed active site is
investigated thoroughly in the spectroscopic characterization
section of this report and is shown to likely include nitrogen-
coordinated Ni atoms in distorted square-planar geometries. We
also note that the appearance of Ni aggregates at higher Ni
loadings, as shown by EDS mapping, does not affect the CO, to
CO current density which corroborates literature reports that
metallic Ni does not appreciably catalyze CO,R.??
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Figure 3. CO2 reduction testing performed in a 3-compartment cell, 1 mg/cm?
catalyst loading on Sigracet 39BC, and in 0.1M KHCOs. (A) Faradaic efficiency
to CO (red circles) and H2 (blue triangles) on NiPACN-low as a function of
electrode potential vs RHE (B) Corresponding total current density (black
circles) and partial current density to CO (red triangles) for NiPACN-low. (C)
Partial current density to CO at -0.8V vs RHE for a series of Ni-PACN catalysts
with varying Ni loadings (synthesized by changing amount of Ni nitrate added in
synthesis), Ni loadings measured by XRF. (D) Faradaic efficiency to CO (red
circles) and Hz (blue triangles) and current densities (black squares) at -0.8V vs
RHE for NiPACN-high (3.4 wt% Ni) pyrolyzed at temperatures between 600°C
and 900°C.

Finally, we found that NiPACN-high had a strong pyrolysis
temperature dependence in which the CO selectivity and total
current density decreased as the pyrolysis temperature was
reduced below 900°C [Figure 3D]. At the lowest pyrolysis
temperature of 600°C, NiPACN produced >99% H, — in stark
contrast to the high CO selectivity of NIPACN-high pyrolyzed at
(>700°C) high temperatures. This decreased selectivity implies
the formation of a competing HER active site at low pyrolysis
temperatures. This HER active site formation at reduced pyrolysis
temperatures is also coupled with a decrease in total activity of
the catalyst, which suggests that the optimal CO;R active sites
are also not formed at low pyrolysis temperatures. As NiPACN-



high contains Ni aggregates, we hypothesize that the competing
HER active site is related to the known predominance of HER
under COzR conditions over metallic Ni surfaces. We note that
double-layer capacitance measurements for these catalysts
showed similar values which points to a comparable pore
distribution and thus similar reactant diffusion in the Ni-PACN
materials treated at different temperatures [SI Table 3]. This
means that a change in the active site distribution is most likely
responsible for this reversal in selectivity.
Effect of Ni aggregates on temperature-dependent Ni-PACN
selectivity

We investigated the role of Ni aggregates in determining the
temperature-dependent selectivity of NiPACN-high by XRD and
TEM [Figure 4]. XRD patterns of NiPACN-high pyrolyzed at
600°C and 900°C and NiPACN-low pyrolyzed at 900°C were used
to investigate the effect of pyrolysis temperature and Ni loading
on the catalyst structure [Figure 4A]. Peaks corresponding to the
graphite interlayer spacing at 3.4A, metallic Ni (111) at 2.03A and
NiO (200) at 2.09A are observed in all materials. The graphitic
interlayer spacing peak is broad on NiPACN-low which is
representative of a disordered graphitic carbon lattice. The XRD
pattern for NiIPACN-high-900°C shows significant differences
from the NiPACN-low XRD pattern; first, the metallic Ni and NiO
peaks are higher intensity and more clearly resolved which agrees
with the Ni aggregates observed by TEM. The graphitic interlayer
spacing peak is narrow on NiPACN-high-900°C, which links Ni
nanoparticles to enhanced graphitization on this material. We
hypothesized that this graphitization was thermally activated and
confirmed that, when NiPACN-high is pyrolyzed at 600°C, the
distribution of graphite interlayer spacing is broad due to much
reduced graphitization. These results show that the degree of
graphitization of the stabilized polyacrylonitrile structure increases
with both Ni loading and pyrolysis temperature.
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Figure 4. (A) XRD pattern for NiPACN-low-900°C, NiPACN-high-900°C, and
NiPACN-high-600°C. (B) TEM images of the edge of nickel nanoparticles on
NiPACN-high-600°C (above) and NiPACN-high-900°C (below).

Prior literature has found that the graphitization of
amorphous carbon by Ni occurs only above 700°C, which
corroborates the low degree of graphitization indicated by XRD of
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NiPACN-high-600°C [Figure 4A].26 The graphitization of carbon
by Ni metal is hypothesized to occur via either a dissolution of
carbon into Ni and subsequent precipitation as graphite, or by
surface reactions of adsorbed carbonaceous species.?” Both
graphitization mechanisms produce graphitic carbon on top of Ni
nanoparticles which forms a carbon shell around the nanoparticle
that could restrict electrolyte access. This phenomenon has been
observed in the Fe-N-C system for ORR.?® We confirmed the
existence of these carbon shells by TEM imaging of Ni
nanoparticles in NiPACN-high pyrolyzed at 900°C and 600°C
[Figure 4B]. For NiPACN-900°C, carbon layers can clearly be
seen surrounding the Ni nanoparticle while for NiPACN-600°C the
metal facet is left uncovered at the perimeter. Thus, the high
temperature pyrolysis of Ni-PACN is essential for the Ni-catalyzed
graphitization process that forms a carbon shell around the Ni
nanoparticle and would likely restrict electrolyte accessibility to
the Ni surface.

We hypothesize that the dependence of the CO selectivity
of NIPACN-high on pyrolysis temperature stems from this Ni-
catalyzed carbon shell formation. Particularly, at high pyrolysis
temperatures, carbon shells hinder electrolyte access during
electrochemical CO; reduction testing and render the nickel
nanoparticles catalytically inactive. This phenomenon mitigates
hydrogen evolution from occurring on the nickel surfaces,
allowing for selective CO, reduction to CO on the catalyst driven
by the dispersed Ni phase [Figure 3D]. At lower pyrolysis
temperatures, the Ni-catalyzed graphitization is incomplete and
exposes Ni surfaces to the electrolyte, resulting in predominantly
hydrogen evolution occurring on the catalyst. Thus, the high
temperature pyrolysis treatment plays a key role in slowing down
H, evolution, facilitating the exceptional selectivity of Ni-N-C
materials for CO, electroreduction to CO.

Spectroscopic Characterization of dispersed Niand N in Ni-PACN
Electrocatalysts:

As shown, the most likely active site for CO;
electroreduction to CO are dispersed Ni species and not Ni
aggregates. X-ray spectroscopic characterization of Ni-PACN
was performed to elucidate the physiochemical structure of the
highly dispersed nickel and nitrogen dopants to determine
whether Ni-N coordinated species are present in Ni-PACN and
could be responsible for the CO2R activity. The samples “PACN”
(Ni: 0 wt%), “NiPACN-low” (Ni: 0.5 wt%) and “NiPACN-high” (Ni:
3.4 wt%) were compared to show the effect of increased Ni
content.

Nitrogen K-edge spectroscopy was used to precisely
distinguish between different nitrogen defects to confirm the
hypothesis of Ni binding to nitrogen atoms. [Figure 5A]. The
1s->=* transitions for metal-free PACN show peaks at 397.8 eV,
399.1 eV, and 400.6 eV which are attributed to pyridinic, pyrrolic,
and graphitic nitrogen respectively.?® Upon addition of Ni
(NiIPACN-low), the pyrrolic nitrogen peak grows substantially.
These results suggest that Ni dopant atoms facilitate the
formation of pyrrolic nitrogen sites, which they bind to selectively,
resulting in increased absorption intensity at the pyrrolic resonant
transition relative to metal-free PACN. This Ni-Nx moiety
represents a direct parallel to molecular catalysts, particularly
organometallic catalysts such as Ni-porphyrin and Ni-




phthalocyanine which also bind Ni atoms through four pyrrolic
nitrogen ligands.

At increased Ni loadings, the N K-edge XAS of NiPACN-
high shows that the pyridinic and pyrrolic peaks have become
convoluted and appear as a single broad peak at an intermediate
value between the pyridinic and pyrrolic peaks, ~398 eV. We
interpret the convolution of the peaks as evidence for increased
heterogeneity in Ni-N coordination that occurs at high Ni loadings.
At low loadings, the pyrrolic N functionalities coordinate Ni atoms
resulting in a resolved pyrrolic nitrogen feature in NiPACN-low; at
higher loadings, these optimal sites are saturated which causes a
more heterogeneous distribution of Ni-N coordination that yields
a convoluted pyridinic/pyrrolic peak for NiPACN-high.

XPS of the N1s region was used to support the hypothesis
of Ni-N coordination in Ni-PACN [Figure 5B]. Based on the results
of the N K-edge XAS, the XPS spectra were deconvoluted into
three peaks; graphitic nitrogen at 401 eV, pyridinic nitrogen at
398.2 eV and an emergent peak with the addition of Ni in the
pyrrolic nitrogen region ~399.5 eV [fitting parameters in S| Table
4]1.3%-32 pyrrolic nitrogen was not included in the metal-free PACN
spectra because no improvement to the fit was obtained by the
addition of this peak, further suggesting that the addition of Ni
plays a strong role in forming these pyrrolic nitrogen defects. From
XPS quantification, the total nitrogen content of the near-surface
region of all three samples is high and rises with Ni content; 5.6
at% nitrogen for PACN; 7.6 at% nitrogen for NiPACN-low; and 7.7
at% nitrogen for NiPACN-high. The fraction of pyrrolic nitrogen
relative to total nitrogen content increases with Ni loading, 12%
for NiPACN-low to 24% for NiPACN-high which corroborates the
results of the N K-edge XAS that pyrrolic nitrogen atoms likely
coordinate Ni in NiPACN. This shift in the nitrogen functionality
distribution shows that nickel plays a role in maintaining N-content
during pyrolysis, likely driven by favorable thermodynamics of
forming nitrogen-coordinated Ni species. This is supported by
theoretical work that predicts that the binding energy of Ni atoms
to a square-planar, pyridinic-N, site is as high as 8 eV.3?
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Figure 5. (A) Normalized N K-edge X-ray absorption spectra (B) N1s XPS
spectra comparing fractions of graphitic (blue, left), pyrrolic (green, center) and
pyridinic (red, right) defects with relative percentage of both peaks indicated.

To characterize the chemical identity of the Ni atoms in the
catalysts, we performed Ni K-edge X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine structure
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(EXAFS) spectroscopy. The K-edge XANES spectra for NiPACN-
low and NiPACN-high are compared to Ni foil and Ni
phthalocyanine (NiPc) for reference [Figure 6A]. The edge
location of the Ni-PACN samples is higher than for Ni foil and
matches the Ni?* atoms in NiPc, which shows oxidation of the Ni
metal centers consistent with Ni L-edge spectroscopy and Ni XPS
[SI Figure 5]. The XANES spectra of the Ni-PACN samples are
both qualitatively similar to the NiPc spectra, implying geometric
similarity between the Ni atoms in these samples. This similarity
can be investigated further using the first derivative XANES
spectra [Figure 6B], here the Ni foil spectra is omitted as metallic
Ni has significantly different chemical composition than Ni-PACN
and NiPc [1% derivative spectrum including all samples available
in S| Figure 6]. Peaks at 8334 eV, corresponding to 1s->3d
transitions, and at 8340 eV, corresponding to 1s->4p, transitions,
are evident on Ni-PACN samples and NiPc.3* The 1s->3d
transition at 8334 eV is significantly stronger in the Ni-PACN
samples relative to NiPc, while the sharp 1s->4p, transition of
NiPc is reduced in the Ni-PACN [Figure 6B]. This 1s->3d
transition is dipole-forbidden in centrosymmetric geometries, like
square planar, which leads to a small feature for NiPc. The
increased absorption intensity in Ni-PACN relative to NiPc
suggests that the Ni environment is not uniformly
centrosymmetric and thus deviates from the ideal square planar
geometry.® Similarly, the characteristic sharp 4p, transition of
NiPc is significantly reduced in NiPACN, which is consistent with
a distortion of the square planar NiPc geometry. A tetrahedral
geometry was deemed inconsistent with the observed spectra as
the existence of the 1s>4p, peak in tetrahedral geometries is less
prevalent and because the prominent bimodal post-edge,
1s>4p,4py peak at ~8355eV is present in square planar Ni
complexes and not in tetrahedral Ni complexes.*® Altogether, the
Ni K-edge XANES results reveal that oxidized Ni atoms in a
distorted square planar geometry are present in both NiPACN-
high and NiPACN-low samples.

Ni K-edge EXAFS was collected to directly assess the
coordination environment of the Ni atoms in Ni-PACN [Figure 6C].
The EXAFS of both Ni-PACN samples show a single prominent
first shell peak at ~1.4 A, which closely matches the Ni-N bonding
location in NiPc. The fact that no higher shell contribution was
detected in the EXAFS signal is consistent with the presence of
mainly dispersed Ni sites. In particular, the absence of the peak
at2.2 Ain Ni-PACN (not phase shift corrected) for Ni-Ni scattering
path in metallic Ni demonstrates that Ni metallic clusters are
minority species in the Ni-PACN samples, while the absence of
the second coordination shell peak at 2.5 A in Ni-PACN (not
phase shift corrected) is consistent with a higher disorder of the
Ni sites in the Ni-PACN compared to the NiPc. Due to the
similarity between NiPc and Ni-PACN, EXAFS fitting was
performed to a square planar Ni-N model [SI Methods, Sl Table
1, k-space fit shown in S| Figure 7] which resulted in a
coordination number of 3.8+0.4 and bond length of 1.876+0.007
A for NiPACN-low and a coordination number of 3.621.0 and bond
length of 1.885+0.022 A for NiPACN-high. These values support
the existence of a four-coordinate square planar geometry for the
Ni atoms suggested by XANES results. The error bars on the
fitted coordination number increased from 0.5 in NiPACN-low to
1.1 in NiPACN-high and the error on the fitted bond length
increased from 0.007 A to 0.022 A, which shows that at high Ni



loadings the Ni-N bonding configurations become more
heterogeneous as shown in the N K-edge and N 1s XPS results.
Similarly, the fitted Debye-Waller factors for NiPACN-low and

A) B)
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to NiPc value of 0.003 A2 [SI Table 1]; this demonstrates higher
disorder in Ni-PACN relative to the molecular NiPc sample and
supports the hypothesized increase in heterogeneity in NiPACN-
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Figure 6. (A) Normalized Ni K-edge X-ray absorption spectra (B) First-derivative of pre-edge region of spectra in (A) (C) EXAFS experimental data (full lines) of
NiPACN-high, NiPACN-low, NiPc, and Ni foil and first-coordination shell fit (dotted lines) with fitted coordination number for NIPACN-low and NiPACN-high

We note that these Ni K-edge XANES and EXAFS results give a
bulk-averaged picture of the Ni atoms in the Ni-PACN catalyst
material and thus are sampling the full distribution of Ni
coordination environments. This motivates future work using
complementary methods to characterize the geometry and
oxidation state of individual active sites in Ni-PACN to more
precisely attribute CO,R activity to specific NiNy sites.

The combination of STEM-HAADF and STEM-EDS imaging,
XRD, XPS, N K-edge XAS, Ni L-edge XAS, and Ni K-edge
XANES and EXAFS was employed to thoroughly characterize the
dispersed nickel species present in Ni-PACN materials that are
the likely active sites for CO;R to CO. The results indicate that
dispersed, nitrogen-coordinated Ni atoms in a distorted planar
geometry are present in both NiPACN-low and NiPACN-high and
are preferentially bound by pyrrolic nitrogen atoms at low Ni
loadings. These findings help rationalize the known activity of Ni
phthalocyanine for CO2R to CO?% and are in-line with previous
structure determinations of Ni-N-C materials.®” Thus, a direct link
between the structure and catalytic behavior of molecular
macrocycle active sites and heterogeneous M-N-C catalyst
systems has been demonstrated which motivates the use of
molecular active site design principles in the development of
heterogeneous catalysts.

Conclusion

Ni, N-doped carbon electrocatalysts (Ni-PACN) were synthesized
by pyrolyzing polyacrylonitrile and nickel salts and tested for CO,
reduction activity. In accordance with literature, Ni-PACN
electrocatalysts exhibited greater than 95% selectivity to CO

between -0.7 and -1.1V vs RHE in a vapor-fed CO; reduction cell.
We investigated the origin of this exceptional catalytic activity
through electrochemical and physiochemical characterization of a
series of Ni-PACN with varied Ni loadings and pyrolysis
temperatures. Increasing Ni loading resulted in an increase in the
partial current density to CO (jco) at an electrode potential of -0.8V
vs RHE up until ~2 wt% Ni content, after which jco plateaus and
Ni nanoparticles appear in the material as observed by STEM-
HAADF and XRD. These observations are catalytic evidence for
a dispersed Ni active site, which was investigated via hard and
soft x-ray spectroscopy analysis at the Ni K and L-edges and the
N K-edge. The spectroscopic results suggest that the active sites
are pyrrolic coordinated-Ni atoms in a distorted square-planar
geometry that is identical to Ni porphyrin, a typical molecular
catalyst, which represents a direct analogy between
heterogeneous and homogeneous catalysts. The assignment of
CO activity to dispersed Ni atoms and the confirmation of nickel-
nitrogen binding analogous to molecular catalysts represent
major advancements in our understanding of Ni-N-C catalysts
and are necessary for further investigations into the catalytic cycle,
spin state, and exact coordination environment of the catalytically
active Ni centers. This thorough understanding of CO;R on these
materials will guide optimized Ni-N-C synthesis procedures that
improve active site density and turnover frequency to produce
promising electrocatalysts for economic conversion of CO, to CO.
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