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Abstract of the Dissertation

Non-precious metal (hon-PGM) based catalysts for the electroreduction of CO; to value-added products
by

Laurent Delafontaine
Doctor of Philosophy in Chemical and Biomolecular Engineering
University of California, Irvine, 2022
Chancellor’s Professor Plamen Atanassov, Chair

Non-precious group metal electrocatalysts are explored for CO, reduction. Carbon-based metal-
nitrogen-carbon (M-N-C) catalysts are investigated and tested via a handmade microfluidic flow cell.
Copper-based catalysts are also explored for the reduction of CO; as so far as how the solvent and
acidic/basic moiety dopant content may influence the observed performance. The M-N-C catalysts are
explored based on the sacrificial support method (SSM) which was developed by the Atanassov Lab in
2008. A bifunctional bi-metallic M-N-C is developed and studied for syngas production. Finally, a novel
synthesis method for M-N-C catalysts is presented which is a one-pot synthesis that produces catalysts
with comparable or improved activity for CO, reduction compared to the state-of-the-art and SSM
catalysts. This novel synthesis may be tailored for a range of electrocatalytic applications. As such, it is
an industry disrupting technology due to its requiring no harsh solvents of any kind as well its industrial
scalability. The materials characterization is explored using standard analytic methods such as
transmission electron microscopy (TEM), and X-Ray Diffraction (XRD). The elemental mapping of the
catalysts is explored via energy dispersive X-ray spectroscopy (EDS). X-ray Photoelectron spectroscopy
(XPS) is used for assessing the surface chemical changes of the catalysts. Scanning electron microscopy
(SEM), combined with BET adsorption studies, Raman spectroscopy, and studies of the metal
coordination sphere(s) using XANES/NEXAFS are also employed. The electrochemical characterization is
carried out using voltametric techniques: linear sweep voltammetry (LSV), cyclic voltammetry (CV),

potentiostatic electrochemical impedance spectroscopy (PEIS), and chronoamperometry (CA). The gas-



phase product distribution is explored via gas chromatography and the liquid-phase product distribution
is assessed by *H NMR. The material/electrochemical techniques are used in tandem to suggest possible
electrocatalytic mechanism and reasons for the observed activity/selectivity. The catalyst development
is approached from one of two perspectives: either i.) to gain theoretical and fundamental physical
insight to the heterogeneous electrocatalytic process itself or ii.) to assess the possibility for the
catalysts to be explored for industrial applications. Addressing the second point, the ease of
manufacturability as well as the robustness of the developed catalysts are considered. Finally, a novel
Ni-N-C catalyst is developed which shows unmatched selectivity for CO production at both high
overpotential and low overpotential. Conventionally and before this catalyst, Ni-N-C was only able to
achieve high selectivity at high overpotential. The novel Ni-N-C synthesized here shows > 85 % faradaic

efficiency for CO formation (FEco) at -0.3 V vs. RHE and > 99 % FEco at -1.1 V vs. RHE.

Xi



Section 1: Introduction

Part I: Background for Electrochemical CO;RR

Atmospheric CO; concentrations have drastically increased from 250 ppm at the beginning of
the industrial revolution to greater than 390 ppm. ! The fact that CO; is both a stable molecule, with a
long lifetime in the atmosphere of 30 to 90 years, and a potent greenhouse gas has exacerbated global
warming into a planetary crisis. For this reason, there has been much research into different
technologies to mitigate anthropogenic CO, emissions. These efforts can be separated broadly into two
categories: carbon capture and storage technologies (CCS) and carbon capture and utilization
technologies (CCU)¥. The United States and Europe are spearheading the global CCU/CCS efforts which
in 2020 captured 40 Mt of CO, and saw a 33 % increase in CCS facilities. ! Although CCU investment has
consistently been less than 0.5% of global investment in clean energy technologies, there is growing
interest and expectations for that number to increase. Among CCU technologies, the electrochemical
CO; reduction reaction (CO,RR) has become an increasingly popular area of research. This is due to the
fact that it may be performed under ambient conditions without extreme thermal/mechanical energy
input and the products of CO2RR can be immediately used for the production of fuels/value-added
chemicals. &4

CO; is a stable fully oxidized molecule that requires substantial energy input to be reduced into
desirable products of carbon monoxide (CO), formate (HCOQ"), syngas, or more reduced C;, and Cy.
products. The single electron reduction of CO, to CO, has a high thermodynamic potential of E°=-1.90 V
vs. standard hydrogen electrode (SHE). [/ Because it is energetically expensive to proceed through this
anionic intermediate with an unfavorable bent molecular configuration, CO,RR usually proceeds through
separate more stable intermediates. The standard electrode potentials are summarized in table 1 below
while the common mechanistic pathway(s) to these final product(s) are listed in figure 1. Each
mechanistic step in figure 1 has an associated overpotential which means a more negative cathodic
potential is required for CO2RR. Furthermore, the overpotential conventionally has three contributions:
an activation overpotential due to kinetic activations (1,.+), ohmic overpotential due to ohmic
resistances (,nm), and a mass transport related overpotential (1,,;). > ©

E=E° + Nact T Nohm + Nmt



These all contribute to an increased operating cell voltage summarized in figure 2 from Martin

et al. ¥ Furthermore, E° is a Nernstian cell voltage which is based off the Gibbs free energy (AG = AH —

TAS,E° = — ﬁ—i, where n = the # of electrons transferred per mole of product and F is Faraday’s

constant). All the cathodic products listed in table 1 (with the exception of formate), when coupled to

the anodic OER, are overall endothermic and require an additional entropic overpotential to achieve the

AH L . . . .
thermoneutral voltage (E™, E™ = _E)' This is important from an industrial design perspective as a

lower operating voltage may be sustained at higher operating temperature for those endothermic

reactions with the exception of formate whose thermoneutral and standard cell potential are similar

(e.g., for CO; reduction to CO at 25" C and standard conditions, the reversible cell voltage is 1.33 V vs.

0.97 V at 800’ C).

Products E (V) (RHE) E(V)(SHE), E°(V) E™(V) E°-E™"(mV)
pH = 8.23
co -0.107 -0.59 -1.33 -1.47 140
H, 0.00 -0.48 -1.23 -1.48 250
HCOOH -0.197 -0.68 -1.32 -1.32 0
CHa +0.173 -0.31 -1.06 -1.15 94
CoH4 +0.073 -0.41 -1.16 -1.22 60
0, +1.23 +0.74 - - -

Table 1: Products for CO2RR half-reactions. All reduction reactions are coupled to OER (last reaction)

and the pH is taken as the average of the pH measurement before and after the electrochemical

experiment. EQ represents the Nernstian standard potential while En represents the thermoneutral

standard potential.
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Figure 1: Schematic for the CO2RR mechanism. From Delafontaine et al. [1] Part A overviews the
reaction mechanism to different products. Part B focuses on CO2 reduction to CO on atomically

dispersed metal active site centers in M-N-C catalysts (ET: electron transfer, PT: proton transfer,
COOHads: carbon-bound intermediate, OCHOads, CHOads: oxygen-bound intermediates.
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Figure 2: Theoretical Voltammogram for CO2 Reduction. From Martin et al. [4] Theoretical
voltammogram showing cell voltage (V) vs. current density for CO producing electrolyzer with CO2
reduction to CO at cathode and oxygen evolution reaction (OER) at anode.

Part Il: Narrowing down CO:RR fundamentals as they apply to our current studies including catalyst
syntheses

The ohmic overpotential are energetic losses caused by ions moving through the electrolyte and
electrons through the electrode during the electrochemical reduction of CO,. The activation
overpotential are inefficiencies due to overcoming a reaction energy barrier which depends on the
adsorption/desorption of reaction intermediates. The ohmic and especially activation overpotential are
both highly dependent on the cathode material or the choice in electrocatalyst. This is experimentally
realizable by the onset potential for generation of a specified product. The difference between this
experimental onset potential (Eyp onser) and the standard electrode potential (E®) is the observed
experimental overpotential (7,xp) using the electrochemical cell (Noxp = Ecxp,onset — E®). It should be
noted that the cathodic overpotential is being studied here and it is desired to optimize the cathode by
catalyst design, and reaction engineering. Additionally, this onset potential is often system dependent
and usually presents a strong pH dependence. For this reason, if a potential vs. RHE reference electrode
is applied but the local cathode pH is higher than the pH in the vicinity of the RHE reference electrode,
then the actual applied potential at the cathode will be reduced by a factor of -0.059 * (pHcathode —
PHreference electrode) according to the pH dependence of the standard hydrogen electrode (Figure 3). By way
of example, if the pH in the vicinity of the reference electrode for 0 V vs. RHE applied potential is 8
(pHreference electrode = 8) and the local cathode pH is 10 (pHcathode = 10), then the actual working electrode
potential will be -0.118 V vs. RHE. Hence, accurate calculation of an onset potential is only as good as
the ability to estimate the local cathode pH. The anode will also have an associated overpotential for
OER and may be further optimized beyond what is considered here.
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Figure 3: Reference Electrode Potential vs. pH. From Jerkiewicz et al. [7] Plot of E versus pH for the
H+(aq)/H2(g) redox couple for f(H2) = 1.00 bar and T = 298.15 K.

The first part of the preliminary results will test different commercial catalysts to assess their
role in CO,RR. This serves to compare to literature in order to validate our current setup for evaluation
of gas diffusion electrodes (GDE). The key difference between the GDE and aqueous-based CO;RR is that
in the GDE, CO; diffuses from the gas phase and meets the triple phase boundary (TPB) without the
need of first dissolving in the aqueous phase.
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Figure 4: A) GDE-based system for evaluating CO2RR catalysts vs. aqueous-based system in aqueous-
based system in B.

In the GDE system (figure 4 A), the membrane filter layer is a STERLITECH® laminated 1
micrometer porous PTFE membrane filter which is hot-pressed at 200 F and 0.5 kN/cm? for 10 min to a
Sigracet 29 BC GDL layer. The catalyst ink, which is a mixture of DI water, IPA/EtOH, ionic binder (either
Nafion® or sustainion ionomer solution), and catalyst powder is airbrushed by hand on the GDL layer.
The GDE has its mass taken before and after and the difference is the mass of catalyst deposited on the
GDE. In the aqueous-based system, the CO, must first be dissolved in the aqueous phase and then
diffuse to the catalyst layer (CL). This is the common system employed using H-cells to study M-N-C and
other catalysts’ performance for CO,RR®?,

The flow cell design for evaluating GDE is as follows. The distance between the cathode and
anode is just large enough to accommodate the gas/liquid tubing ID plus the thickness of two O-Rings
under compression. The gas sampling strategy is to fill a 5.115 mL gas-tight vial which has one 20-gauge
needle connected to the gas tubing outlet from our cell and one 20-gauge exit needle to purge the gas
vial and prevent over-pressurization. The gas and liquid tubing are 1/16” by 0.040” (OD” by ID”) and the
20-gauge needle OD matches the tubing ID for a gas-tight seal. The reference electrode is placed in an
external beaker connected to the recirculating electrolyte so that it is not in between the current
flowing between cathode and anode. There are 8 bolts which hold the anode side cap, liquid flow
chamber, and gas flow chamber together and ensure no electrolyte leakage (Figure 1). The GDLis a 5
cm? square piece of Sigracet 29 BC carbon paper hot pressed to a STERLITECH laminated PTFE 1.0-
micron pore size membrane filter. The wetted area of carbon paper is 1 cm? and is facing the liquid
chamber with the PTFE filter facing the gas chamber. Electrolyte is recirculated using a peristaltic pump
at 26.1 mL/min and 10 sccm of inlet gas is fed to the gas chamber inlet.
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Figure 5: Schematic of flow cell (A) and H-Cell (B); flow cell (C).

There is always a significant rate-enhancement when switching from a traditional H-cell to a
GDE assembly. This is due to the fact that the CO, gas-phase reactant remains in the gas phase and
diffuses to the catalytic layer. In opposition to this, when an H-cell is used, CO; must first dissolve into an
aqueous electrolyte and then diffuse in the bulk liquid phase to the catalytic layer. There is an intrinsic
penalty or reduction in the concentration of CO; at the catalyst surface when using an H-cell which is
given by the solubility of CO; in aqueous electrolyte.

To test this fact, we used commercial Sn nanopowder catalyst and evaluated the formate
production by *H NMR to compare the H-cell and GDE performance. As shown in figure 6, at lower
overpotential, the GDE at 3 h shows a greater than 13-fold increase in formate production and a greater
than 30-fold increase in formate production when the 30-minute experiment is extrapolated to 3 hours
to account for catalyst deactivation during the 3 h GDE experiment.
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Figure 6: Micromoles of formate produced versus electrolysis time (minutes) for GDE and H-Cell (catalyst
= Sn). Cathodic Loading = 1.5 mg/cm2; Anodic Pt Loading = 4.25 mg/cm2. For GDE experiments,
potential = -0.88 V versus RHE. For H-Cell experiments, potential = -0.94 versus RHE. * = data point
collected at t = 30 min extrapolated to 3 h.

Four commercial catalyst standards are chosen to represent four groups depending on their
expected products in the CO,/H,0 co-electrolysis process as follows: (1) CO-selective, (2) Hy-selective,
(3) formate-selective, (4) C1+C; — selective. The CO selective monometallic group contains Au, Ag, and Zn
and is represented by our catalyst standard of unsupported Ag nanoparticles®#120121 These have particle
size < 100 nm and have a 99.5 % (trace metal basis) purity. The H, selective group includes Fe, Ni, and Pt
and is represented by Pt 20 wt.% on graphitized carbon. This catalyst also serves as our anode for
electrochemical experiments comparing commercial catalysts. Finally, it is replaced with bare carbon
GDL for a totally non-PGM system. The formate selective catalysts are Sn, In, Pb and are represented by
Sn nanopowder with particle size <150 nm and > 99 % purity!?>1%, Cu nanopowder is reported to have a
particle size of 25 nm and is our benchmark catalyst for the production of more highly reduced multi-
carbon products as well as CO and formate?4125,
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Figure 7: Results for commercial catalyst standards. Results for A) Sn nanopowder, B) Cu nanopowder, C)
Ag nanopowder, D) Pt nanopowder. Cathode catalyst loading is 1.5 mg/cm2geo and anode catalyst
loading is 4.25 mg/cm?2. The iR-corrected potential is taken by obtaining the electrolyte resistance
(Rohm) from PEIS data.

The results for the commercial catalysts confirm the expected experimental trends observed
elsewhere in literature. Pt nanoparticles show a monotonically increasing HER at increasingly cathodic
potentials with absence of CO,RR products. Sn nanopowder has a high selectivity for HCOO™ production,
a moderate selectivity for CO, and a minor selectivity for HER. Importantly, the benchmark CO-producing
catalyst Ag nanoparticles shows a high selectivity for CO consistent with literature. For comparison, our
results for CO mirror closely the results from Jiang et al'*’ in figure 8 for Air-Ag without H, treatment.
These results for Ag catalysts may be compared to M-N-C catalysts for product selectivity for CO.
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Figure 8. Data from Jiang et al.'?’: Left and center is Faradaic efficiency versus RHE for H,-Ag and Air-Ag,
respectively. Figure on right is deconvolution of O 1s region of the XPS spectra for H,-Ag (with H;
treatment) and Air-Ag (without H; treatment).

It should be noted that the analysis for commercial copper nanoparticle standard was
performed without the ability to detect methane/ethylene. This catalyst is reported elsewhere by Garcia
et al*?® who investigated CO,RR product selectivity on Cu nanoparticles from 25-80 nm in average
diameter as being highly selective for ethylene. As reported previously®®, certain single crystallographic
compositions such as a high presence of (100) facets can dramatically influence the CO2RR products on
copper by enhancing C; product formation. Furthermore, it has been uncovered that high concentration
of (111) facets leads to selectivity to C; hydrocarbon formation (e.g., CH.) while (100) facets lead to
more efficient C-C coupling and higher production of ethylene?®4143% The strategy is to seek to increase
the abundance of weakly coordinated copper sites to improve their reactivity for CO,RR which has been

investigated via electropolishing, sputtering, anodization, and electrodeposition*128

The synthesis method (e.g., the solvent choice in Cu nanoparticle synthesis) or the choice of
template for an atomically dispersed M-N-C catalyst has major implications in terms of the resulting
electrocatalytic activity. The benefit of carbon-based catalysts vs. metal-based catalysts is they have
increased abundance which dramatically reduces their employment in industrial devices. However,
carbon-based as well as atomically tailored metal-based catalysts often require long syntheses which
have substantial batch-to-batch variability. These industrial limitations often impede their large scale
deployment.

What follows is a brief synopsis of the various catalyst-dependent facets/factors influencing CO>
reduction selectivity/activity. The industrial scalability is importantly highlighted for the different
syntheses. Depending on the catalyst employed, the CO,RR mechanism shown in figure 1 leads to a
variety of different products. These include CO, H, from the competing hydrogen evolution reaction
(HER), formate, and C1/C; aldehydes/alcohols®® 82, The selectivity to different products is highly
dependent on the binding energy of the various reaction intermediates to the cathode catalyst. On
metals such as platinum and iron, the HER is favored strongly over CO;RR. Gold and silver are known to
be selective for CO production. An alternative pathway in the top of figure 1 leads to formic acid
production on metals such as tin. Copper is unique in its ability to catalyze the reduction of CO, to more
highly reduced C;, and C; hydrocarbons and alcohols. Silver (Ag) and gold (Au) based electrocatalysts are
attractive because they are highly selective for CO production. However, these are precious metal
catalysts which are expensive and increasingly scarce. Therefore, it is desired to find non-precious-metal
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group (PGM) catalysts which are inexpensive and made from naturally abundant organic precursor
chemicals. A promising alternative to non-PGM catalysts are the family of metal-nitrogen-carbon and
nitrogen-carbon electrocatalysts. These are produced with trace amounts of more abundant metallic
precursor elements. Unlike Cu-based catalysts which suffer from poor selectivity by producing a variety
of products, M-N-C catalysts excel in producing CO and H; with high production rates and energy
efficiencies. M-N-C catalysts, only recently studied in the 1970s as porphyrins and phthalocyanines, have
now garnered research interest for their electrochemical performance as ORR catalysts. Recently, they
have also shown grown great promise as CO;RR catalysts and are currently being investigated as
potential candidates for the nitrogen reduction reaction (NRR). Much of the literature in M-N-C
catalysts, however, have been obtained in aqueous-based systems which have insufficient production
rates to be considered for industrialization. Herein, a series of mono- and bi-metallic M-N-C catalysts are
investigated with the aim to evaluate their industrial feasibility for reducing CO; to value-added
products. The various physical and chemical properties of these catalysts are studied and specifically
they are correlated with their selectivity to the desired products of CO/H,. The M-N-C catalysts are
studied as they are the non-PGM based catalysts most ready to replace expensive silver and gold-based
catalysts for the production of mixtures of CO/H, or syngas.The reduction of CO, to syngas or CO is
primed for industrialization because these products can be produced with both high faradaic efficiency
and a high overall conversion rate. Furthermore, CO; reduction to syngas can be coupled to a
subsequent gas phase-catalytic Fischer-Tropsch process for production of synthetic fuels. I”!

However, other catalysts exhibit other interesting capabilities. As mentioned before, Cu-based
catalysts are unique in their ability to catalyze the reduction of CO; to more highly reduced C; and C;
hydrocarbons and alcohols. For this reason, we also study commercially purchased Cu nanoparticles by
incorporating it into a GDE. We further study electrodeposited copper on GDE samples to evaluate their
potential application in CO,RR. The electrodeposited copper samples have an advantage over other
powder-based catalysts as they do not require a binder. Using bulk catalysts (plates, discs, rods) suffers
from the fact that they have low ECSA values and hence overall production rates. Nanoparticle catalysts
benefit from the fact that they can minimize precious metal usage and maximize ECSA leading to much
higher geometric current densities than their bulk counterparts. The nanoparticle catalysts, however,
require an ionic binder such as Nafion® which introduces an extra electronic resistance and impedes
their long-term stability. ¥ The electrodeposited samples bypass this problem and often have high
porosity which also leads to a high specific surface area. The drawbacks of these types of catalysts are
that their morphologies are often hard to predict and there is often a large variability in the surface
electrode structure. These were investigated to study powder-based and solid-based catalysts for
completeness. Finally, the role of solvent in Cu nanoparticle synthesis as well as the role of altered
acidic/basic surface moieties via Cu doping with hydroxyapatite (HAP) were separately investigated. 1%
There are several figures of merit to analyze in order to compare the various catalysts’ performances
including the onset potential for product generation as mentioned previously.

Along with the onset potential for product generation, we also consider the faradaic efficiency
for generation of species i (FE;) in evaluating the cathode candidates for CO,RR.
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FE;(%) = x 100

ni= moles of e transferred per mole product, m; = moles of product generated, Q = total charge
transferred, and F = Faraday’s constant

We also study the current density normalized to geometric surface area of the GDE surface
which is reported in (mA/cm?*s) for different potentials. The geometric current density can be used
along with the faradaic efficiency to the desired product to assess the overall CO;RR performance to
improve the design of catalyst(s). The electrochemically active surface area (ECSA), active site density
(SD), and turnover frequency (TOF) for the catalysts we synthesize are all important metrics to consider.
These are discussed in order to study the intrinsic vs. extrinsic catalytic selectivity for CO,RR over
hydrogen evolution (HER). The various experimental methods for assessing SD, and TOF for M-N-C
catalysts is presented. The double-layer capacitance (D-L capacitance) measured in Farads or
milliFarads/cm? is studied and compared to BET (Brunauer, Emmett and Teller) surface area in order to
gain a semi-quantitative comparison between M-N-C catalysts of different surface areas. CO
cryosorption is an example of a more quantitative method of assessing SD for M-N-C catalysts. [*!

As mentioned previously, M-N-C catalysts are prime candidates for further development
for electrocatalytic CO; reduction. These metal-nitrogen-doped carbon electrocatalysts are considered
the most active platinum group metal-free benchmark catalysts for energy conversion (e.g., fuel cell/CO,
electroreduction/N; electroreduction) and are synthesized by various means. They are generally
produced by pyrolytic means and offer atomically dispersed metal active sites with high atom utilization
resulting in high electrocatalytic activity. The synthesis proceeds through one of three major categories
of synthesis protocols: either through soft-template approach[*>1®, hard-templating with silical*’-?3,
sacrificial polymer approach 24%¢), or through a combination of the methods above such as by the
combined sacrificial polymer and sacrificial metal organic framework (MOF) approach 26!,

Use of MOFs such as Zn-based ZIF-8 as pyrolytic precursors is a powerful soft-templating
approach to synthesizing M-N-C catalysts. Utilizing ZIF-8, an optimized Fe-N-C was synthesized by soft-
template method in 2011 which achieved an impressive 0.9 W cm%, in an H,/O; polymer electrolyte
membrane fuel cell (PEMFC).?” The silica hard-templating approach discussed more below has been
refined for over a decade which has yielded arguably the top M-N-C candidate for replacing platinum-
group metal electrocatalysts. A third method is the sacrificial polymer approach which utilizes nitrogen-
doped polymers (e.g., polyaniline, and polypyrrole) as dual nitrogen/carbon source which upon
polymerization in the presence of a metallic salt, and pyrolytic treatment followed by acid washing
yields a highly active M-N-C catalyst?*. These methods each offer different routes to a highly efficient
electrocatalyst however they each also have substantial synthetic limitations which impede their large-
scale commercialization.

These challenges can be simplified to three main obstacles: (i). use of the hard-template
approach or the sacrificial polymer approach requires an acid or basic solvent wash step (usually in
harsh hydrofluoric acid or caustic KOH) which increases the synthesis time substantially and requires the
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disposal of large quantities of acids/bases which increases the overall cost of the process, (ii). the
syntheses produce catalysts with modest active site density (SD) which impedes their overall catalytic
throughput, and (iii). the intermediate acid-wash step to produce the state-of-the-art M-N-C catalysts
before the final pyrolysis complicates the process by requiring a hands-on transferring of the step for
acid-wash and back to the pyrolysis chamber which limits its industrial scale-up. Furthermore, the
environmental remediation of large quantities of harsh solvents used for removing the template is far
more involved and less environmentally benign than remediation of gaseous acid streams.

By way of example, the state-of-the-art catalyst identified by Chen et al ! this year and 1?¥in
2020 are produced by hard-templating with silica. This method was developed by the Atanassov lab in
2008 12! and has since been commercialized by Pajarito Powder®© due to the high electrocatalytic
activity of the catalysts produced by this synthesis technique. This approach initially necessitated a
metal macrocycle (e.g., metal porphyrin), but has since been simplified to utilize simple metallic salts,
and common nitrogen/carbon precursors mixed in optimum ratios with silica particles of varying particle
size/surface areas®® 3l The proper ratio of silica precursor(s) and their respective particle sizes have a
substantial impact on the final pore size distribution and eventually lead to a hierarchical porosity with
beneficial electrocatalytic properties. This precursor mixture is subjected to a first pyrolysis in inert or
reductive atmosphere(s) followed by an acid washing step in highly concentrated (25 wt.%) hydrofluoric
acid (HF) to generate a high degree of mesoporosity through the hard templating effect. The silica
templating production of M-N-C catalysts by Pajarito Powder has been shown to produce less M-Ny (a
chemical moiety integral to its electrocatalytic activity) than laboratory batches from University of New
Mexico (UNM) where the technique was developed!?®.. This is evidence of the limitations in the
industrial scale-up of this synthesis technique. To date and to the best of the author’s knowledge, no
silica hard-template synthesis of M-N-C catalysts has been accomplished that completely avoids the
utilization of harsh acids/bases while also not relying on the utilization of metal macrocycles.

The new synthesis uses no harsh acid or bases. Previous syntheses have required the utilization
of and disposal of huge quantities of toxic HF. The current invention is a much safer synthesis and much
less expensive as one of the largest costs in commercialization of previous M-N-C syntheses has been HF
disposal which this synthesis completely avoids. The previous syntheses have required long synthesis
times up to 10-14 days while the current synthesis can be accomplished in 1 day.

For CO; reduction, the resulting catalyst (e.g., Ni-N-C) shows unparalleled selectivity and high
electrocatalytic activity. A faradaic efficiency for CO formation of greater than 99 % is achieved at high
overpotential (Ecathn=-1.1 V vs. RHE) while the competing M-N-C catalysts show a maximum CO faradaic
efficiency at ca. -0.7 V vs. RHE and increasing H; selectivity (unwanted byproduct) at more negative
potentials [> 123233,
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Section 2: Bimetallic M-N-C Catalysts for Syngas Generation

Chapter 1: Bi-metallic M-N-C (M = Fe, Mo) Catalysts for CO, Reduction

The production of syngas by traditional processes such as steam methane reforming is
energetically intensive and produces a large amount of CO, emissions. In contrast, the electrochemical
CO; reduction reaction (CO2RR) enables the carbon neutral production of syngas at ambient conditions.
Among non-precious metal catalysts, metal-nitrogen-carbon electrocatalysts are inexpensive and highly
selective towards syngas production. This study examined the selectivity of mono- and bi-metallic (M-N-
C, M = Fe, Mo or FeMo) electrocatalysts towards syngas production. The ratio of the CO:H; in the syngas
was tuned by modifying the ratio of metallic precursors in the bi-metallic FeMo-N-C catalysts, tailoring
the catalysts’ selectivity towards the CO,RR or the hydrogen evolution reaction (HER). The catalyst
synthesis temperature(s) are considered as they influence the catalyst morphology and activity. Further,
the dependence of the ratio of CO:H, in the syngas as a function of the potential is explored for the
different bi-metallic catalysts. This work showed that by tailoring both the ratio of Fe:Mo in the bi-metallic
catalyst and optimizing the reductive potential, a CO:H; ratio between 0.25 to 5 was achievable. This study
demonstrated a novel approach in which the ratio of the product syngas composition can be tailored in a
single reaction, without the need for further downstream processing to reach a desired composition.

Introduction

Electrochemical CO; reduction is a promising method to mitigate anthropogenic CO, emissions
while simultaneously producing value-added chemicals. One of the most feasible methods for industrial
applications is the implementation of an H,O/CO, co-electrolysis process where the target products are
H, and CO. Synthesis gas (syngas) is generally a mixture of CO, H,, CO,, and smaller amounts of CH,; and
other gases.?¥ The market value for syngas is low compared to other possible products from CO,
reduction (e.g., market value for syngas = 0.06 S kg™%; market value for CO = 0.6 S kg™* and for n-propanol
= 1.43 S kg™).5 3> 38 However, the product stream from a CO; electrolyzer producing CO and H, may be
used with minimal processing/purification in a subsequent step producing higher value products (e.g., for
production of C, (x >= 1) compounds through the Fischer-Tropsch process, for catalytic methanation of
syngas, or for biological or fermentation-based processes producing high-value alcohols).l> 338 The
primary catalysts which are conventionally used in a H,0/CO, co-electrolysis process are Ag and Au-based
catalysts. These catalysts have the highest selectivity for CO but are prohibitively expensive for large scale
use.3%4U Therefore, earth-abundant non-precious metal catalysts are increasingly developed as cathode
materials for CO, conversion processes.

Among non-precious metal catalysts explored, atomically dispersed, transition metal-nitrogen-
carbon (M-N-C) catalysts have proven to be highly selective for CO; reduction.® 42 Metal-free N-C
catalysts also show substantial selectivity for CO; reduction with lower activity compared to their metal
counterparts.3? While Fe-containing M-N-C catalysts are known to catalyze the reduction of CO; to CO at
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low overpotential, Mo-containing M-N-C catalysts have active Mo-Ny centers which may catalyze the
competing HER reaction.!”” 1% 3% 42 431 The active sites of M-N-C catalysts are diverse and complex,
containing both nitrogen coordinated metal sites (M-Ny), and a variety of metal-free (N-C) sites whose
participation in the CO2RR vs. HER is highly dependent on the specific N-moiety and the surrounding
chemical environment.!”- 1% 42 Fe-N-C catalysts are highly selective for CO formation at low overpotential
(E > -0.50 Vgue), while the Ni-N-C catalyst boasts the lowest Tafel slope for CO, reduction to CO and
generally the highest overall CO production rates at higher overpotential (E < -0.75 Vgye).** Generally,
mono-metallic M-N-C catalysts which have substantial selectivity to CO (e.g., M-N-C catalysts where M =
Fe, Ni, Mn, Cr, and to a lesser extent Co) have a potential-dependent faradaic efficiency for CO
formation.” %! As more reductive potentials are applied, the faradaic efficiency (FE) for CO formation will
reach a maximum (e.g., > 90 % for Fe and Ni-containing M-N-C) and then decrease as HER activity
increases.® This offers a dynamic control over the syngas or CO:H, product ratio by changing the applied
reductive potential. The selectivity of several M-N-C catalysts for syngas generation are summarized in
Table S1. The ability to selectively tailor the ratio of CO:H, in the produced syngas in a single reaction
enables a desired syngas compostion (to fit a desired application) to be realized without the need for
further downstream mixing or processing.

One approach to selectively tailor the ratio of CO:H; in syngas from the CO,RR was presented by
Huan et al.3 In this work, they demonstrated that a structure-selectivity relationship could be used to
tailor the syngas composition. Using a Fe-N-C catalyst, they found that atomically dispersed Fe-N; sites
are highly selective for CO production, reaching a FEco over 90% at low overpotentials. In contrast, it was
shown that over Fe-based nanoparticles, proton reduction to H, dominates. Therefore, by selectively
tailoring the amount of atomically dispersed Fe-N, sites to Fe-nanoparticles the ratio of CO:H, could be
tuned between 0 - 4.

This study offers a unique pathway to selectively tailor the syngas compostion. By controlling the
synthesis of an atomically dispersed mono- and bi-metallic Fe, Mo and FeMo-N-C catalysts, in which the
Fe-Nq sites selectively reduce CO; to CO, while the Mo-Ny sites reduce H* to H,. Over mono-metallic Fe-N-
C, a FEco greater than 90% could be achieved. Similarly, over Mo-N-C, a FEu, of greater than 90% was
achieved. By synthesizing a bi-metallic FeMo-N-C catalyst and tailoring the ratio of the Fe-Nx to Mo-Ny
sites, the product ratio of CO:H; is easily tuned. Furthermore, by simultaneously utilizing the potential
dependence on product selectivity, a tunable CO:H, ratio between 0.25 — 5 was realized. These results
demonstrate a novel approach to selectively tailor the syngas over a wide range of compositions in a single
reaction.

Results and Discussion
Synthesis/Characterization of Atomically Dispersed Metal-Nitrogen-Carbon (M-N-C) Catalysts

Atomically dispersed mono- and bi-metallic M-N-C samples were synthesized using the previously
established sacrificial support method (SSM).B% Briefly, the SSM involves solution phase mixing and
mechanical integration of a carbon-nitrogen containing source, nicarbazine, with a hard silica template,
and metal salt precursors. The precursor mixture was then pyrolyzed in a reductive 7% H, atmosphere,
followed by a hydrofluoric acid wash which removed the silica template. A second pyrolysis under a
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reductive 10% NHs; atmosphere was performed which removes any fluorinated species, increases the
graphitization content, etches micropores, and thereby enhances the catalytic activity.[*”’ The synthesis
temperature was adjusted for the bi-metallic FeMo-N-C samples to preserve atomically dispersed metallic
sites. Atomically dispersed M-Ny active sites provide for the highest atom use efficiency and allow for a
selectivity study without the influence from a separate metallic phase.!*® When a high temperature of 975
°Cor 950 °C was used in either the 15t or 2" pyrolysis for the FeMo-N-C samples, the presence of a metallic
nanoparticle phase was observed by X-ray diffraction (XRD) shown in Fig. 1a and observed by scanning
transmission electron microscopy (STEM) (Figure S1). The larger high contrast spots (Fig. S1) correspond
to alloyed nanoparticles of Fe/Mo metal, which are only observed at higher pyrolysis temperatures for
the bi-metallic samples. This effect is not observed for the mono-metallic (Fe/Mo-N-C) catalysts, which
maintain atomically dispersed sites at the higher pyrolysis tempeatures (Figures S2 a & b). The notation
used throughout this study for the synthesis temperature(s) in °C for mono- and bi-metallic M-N-C
catalysts is written as M-N-C (X/Y), where X = the first pyrolysis temperature, while Y = the second pyrolysis
temperature (e.g., FeMo-N-C (975/950) is first treated at 975 °C and then 950 °C). If no temperature is
specified, then a pyrolysis temperature of 650 °C was used for both pyrolysis steps.

FeMo (975/950)

\/\‘ ~————__———FeMo (650/650)

\/\ —— Mo (650/650)
——Fe (975/950)
—— Fe (650/650)

- -
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2. 1: Figure 1: Physical Characterization of Catalysts. (a) XRD patterns for the Fe-N-C, Mo-N-C, and FeMo-
N-C catalysts at high and low pyrolysis temperature(s). (b) Low magnification AC-HAADF STEM image of
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the FeMo-N-C (650/650) catalyst. (c) High magnification AC-HAADF STEM image of FeMo-N-C (650/650);
atomically dispersed Fe and Mo sites are indicated by the high contrast points. (d) AC-HAADF image and
corresponding elemental mapping of FeMo-N-C (650/650). XPS spectra of the FeMo-N-C (650/650)
catalyst (e) N 1s spectra, indicating the presence of M-Nx moieties. (f) Fe 2p spectra showing the formation
of Fe-Nx sites. (g) Mo 3d spectra showing the formation of Mo-Nx sites.

The XRD spectra for the mono- and bi-metallic catalysts synthesized at both the high and low
pyrolysis temperatures are shown in Fig. 1a ( and Fig. S3 a & b). The mono-metallic Fe/Mo-N-C catalysts
and bi-metallic FeMo-N-C synthesized at the lower temperature of 650 °C show only the characteristic
(002) and (100) peaks for mixed graphitic/amorphous carbon, which suggests that no metallic crystalline
phases are present. While the FeMo-N-C pyrolyzed at the higher temperatures (975/950) shows the
presence of a metallic crystalline phase at 26 ~ 39 °. The asymmetric peak shape suggests the presence of
carbon lattice defects while the increased width of the (002) peak suggests microcrystallites separate from
graphitic carbon.B>#”1 The low mag aberration corrected high angle annular dark field (AC-HAADF) image
of the FeMo-N-C catalyst in Fig. 1b shows the well defined hierarchical porous structure characteristic of
the etched silica template (as confirmed through SEM and BET in Fig. S4 and Fig. S5, respectivley). The
high mag AC-HAADF image in Fig. 1c shows distinct bright spots indicating atomically dispersed Fe and Mo
sites. Elemental mapping from energy dispersive X-ray spectroscopy (EDS) in Fig. 1d shows the presence
and homogenous distribution of C, N, Fe and Mo thoughout the catalyst. The percent atomic
concentration (at.%) as obtained by XPS is summarized for the mono- and bi-metallic samples in Table S2
and is found to be a function of the pyrolysis temperature. The C and N at.% was 94.7 % and 2.5 %
respectively, for the samples synthesized at the high temperatures (975/950), regardless of the metal
dopant(s). The C at. % decreased to 85.1 % and N at. % increased to 9.8 % for the lower pyrolysis
temperature FeMo-N-C(650/650) samples. The deconvoluted N 1s X-ray photoelectron spectroscopy
(XPS) spectra in Fig. 1e reveals the presence of several N-moieties, assigned to be pyridinic (398 eV),
pyrrolic (401 eV), quaternary (401.5 eV) and graphitic N (403 eV). Furthermore, the formation of nitrogen
coordinated metal sites, M-N, (399.5 eV) is observed. Likewise, the Fe 2p spectra (Fig. 1f) shows the
presence of N-coordinated Fe-Nx sites. The Mo 3d spectra further reveals the formation of N-coordinated
Mo-Ny sites. Investigation of the X-Ray Absorption Near Edge Structure (XANES) and EXAFS is also evidence
of atomically dispersed metallic Fe or Mo in a carbon matrix (Figure S6). The absorption in the Mo-K edge
and Fe-K edge shows absorbances for M-N coordination and lacks the additional absorbance bands seen
for the representative metallic foils. This suggests that a key active site involved in the CO,RR vs. HER
mechanisms are metal-coordinated nitrogen sites (M-Nx) and that it is not an issue of a metallic phase
promoting HER as discussed in the synthesis section. Additionally, XPS analysis shows variations in
precursor Fe:Mo does not significantly alter the total percentage of M-Ny sites which suggests that the
ratio of Fe-Nx to Mo-Ny has a larger influence on the selectivity.

The N 1s (XPS) spectra show that the relative proportions of N-moieties do not depend on the
metallic precursor ratio of iron to molybdenum. The four samples with varying precursor ratios of Fe:Mo
from 0.25:1 to 1:0.25 show remarkably similar percentages of N-moieties. The N 1s spectra show a high
proportion of low binding energy nitrogen moieties such as pyridinic nitrogen and metal-coordinated
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nitrogen (i.e., Fe-Nx or Mo-Ny) versus higher binding energy nitrogen moieties which is indicative of
favorable catalytic activity. The total metal atom content of atomically dispersed catalysts is difficult to
assess and usually underestimated by XPS, so inductively coupled plasma mass spectroscopy (ICP-MS) was
utilized to assess the total metal atom percentage (Table S3).

Additionally, according to an opinion article by Artyushkova, the ratio of N 1s low binding energy
(BE) to high BE moieties was considered as another metric to standardize.*® A high ratio of low BE N-
moieties less than 400 eV to high BE above 400 eV has been shown to be beneficial for the oxygen
reduction reaction (ORR). Similarly, a high concentration of pyridinic nitrogen species has been shown to
promote CO, reduction, hypothesized to be through offering an abundance of chemisorption sites.“* 5%
For the CO-specific catalysts, the series of FeMo-N-C catalysts shows an increase in this ratio compared to
the mono- and bi-metallic catalysts synthesized at higher temperatures (975/950), which suggests a more

favorable local chemical environment for CO, reduction (Table S4).

The Raman spectra of graphitic carbon shows a characteristic E, vibrational mode at ~1581 cm-
}(G-band) while disordered carbon shows a peak at ~1350 cm™(D-band). There is a decreasing l4/l, ratio,
which represents the ratio of D-band to G-band Raman peaks, with an increase in pyrolysis temperature
(Fig. S7). This reveals an increase in the relative graphitization at the higher pyrolysis temperature(s),
which is known to be autocatalyzed by the presence of iron at high temperatures. Evidence of local
graphitization can be seen by annular bright-field (ABF-STEM) imaging in Fig. S8, via the presence of
graphitic sheets which are observed for pyrolysis temperatures of 950 °C and above. The level of
graphitization can have a substantial impact on catalyst morphology and reactivity.?% *¥! Therefore, it is
an important metric to standardize for when assessing the influence of precursor metallic ratio on
catalytic activity.

Previous studies have shown that atomically dispersed M-Ny sites are often located in the
micropores of carbon supports.> 2 Furthermore, prior investigation has also shown porosity to be a
controlling factor in the CO, reduction activity on metal-free N-C active sites.®3 A bimodal pore size
distribution with meso/microporosity (a characteristic feature of catalysts synthesized using the SSM) is
observed here (Fig. S5) which has been shown to have beneficial electrocatalytic properties.** The
pyrolysis temperature also will greatly influence the overall surface area and electrochemically active
surface area. An increase in the electrochemical surface area (ECSA) will lead to a higher overall reaction
rate. In order to study the correlation between the Brunauer-Emmett-Teller (BET) surface area and the
electrochemically active surface area, the double layer (D-L) capacitance values are plotted against the
BET surface area values. A positive correlation is seen between the higher synthesis temperatures and
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noteable increases in BET surface area, as well as D-L capacitance (Figure S9), which results in an increase
in the geometric current density (Figure S10).

o RARARAAARE R A OmA »  Fe(975/950)
4 *  Mo(975/950)
-1- N 4 FeMo(650/650)
& £ 3
§ -2- = PBS,N, i
< s KHCO,, CO, E2¢1
E-3 =
= =,
-4
-08 -06 -04 -02 0.0 -0.2 04 -06 -0.8
Potential vs. RHE (V) Potential vs. RHE (V)
c d
2 i 29 [ H
£ CO i co £ 2
- 160 CO, J[ h - 1601 g9+ H, [ 1CO
g ?—» = f —
o 1 (o] ]
= 120 26- e 120 >_
E =
‘9 80‘ 2 80+ 2e-
@ o
- 40+ ﬂ - 40
;_j 0+ ! : = ’—F g 0 1 =1 m.“ ! &2
-0.3 -05 -0.7 -09 -1.1 -0.3 -05 -0.7 -09 -11
Potential vs. RHE (V) Potential vs. RHE (V)

2.2 : Figure 2: (a) LSV curves (scan rate of 1 mV/s) in N,-saturated 0.1 M PBS (K;HPO4/KH,P0Q4) solution
and CO2-saturated 0.1 M KHCOj; solution using 0.3 mg cmge, catalyst loading for FeMo-N-C (650/650).
(b) Current density in CO,-saturated 0.1 M KHCOs using 0.3 mg cmge, > catalyst loading for mono- and bi-
metallic samples. CO,RR yield rates (nmol s cm2) for (c) Fe-N-C and (d) Mo-N-C, using a flow cell system.

Electrochemical Performance of Mono- and Bi-metallic M-N-C Catalysts

After obtaining a full physical characterization of the catalysts, It was hypothesized, given that Fe-
N-C is highly selective for CO formation while Mo-N-C catalysts have high HER activity, that altering the
ratio of iron to molybdenum in the catalyst could be utilized as a tunable parameter for varying syngas
composition.

Firstly, the agueous-phase CO;RR vs. HER activity was investigated for the mono- and bi-metallic
M-N-C samples. Linear sweep voltammetry (LSV) was performed at a scan rate of 1 mV s between 0.0
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and -0.8 Vg (e.g., sweeping from 0.0 Vto -0.8 V vs. RHE in the cathodic direction). Figure 2a shows the
differences in current response between the samples in the presence or absence of CO.. A substantial
increase in the current density for the FeMo-N-C under CO,-saturated vs. CO;-absent conditions is
evidence of its activity for the CO2RR.
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2. 3: Figure 3: Faradaic efficiency (%) for FeMo-N-C (650/650) where the ratio of (a) Fe:Mo = 1:0.5 and (b)
Fe:Mo = 0.25:1, using a catalyst loading of 1.0 mg/cm2. (c) and (d) The syngas ratio (H2/CO) vs. cathodic
potential for different molar precursor ratios of Fe:Mo and Fe-N-C.

Comparison between LSVs performed in the presence (red curve) and absence (black curve) of
CO, show substantial CO,RR activity for Fe-N-C (975/950) and FeMo-N-C (650/650). By contrast, Mo-N-C
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(975/950) shows comparable activity for CO,-saturated and CO,-absent conditions (Figure S11) suggesting
slight activity for the CO;RR but that the catalyst is mostly selective for the HER. Further, Fe-N-C (975/950)
shows an earlier onset potential for the CO;RR than the HER, confirming its high selectivity towards the
CO3RR. While Fe-N-C has been studied extensively for CO, reduction” >}, there is a lack of electrocatalytic
performance data and material characterization for Mo-N-C which is found here to be highly selective for
HER over CO; reduction.

It is well-known that the overall activity of aqueous-phase CO;electroreduction in a standard two
compartment H-cell is limited by the limited solubility of CO, To address the limited solubility of CO; in
aqueous electrolytes, gas diffusion electrode (GDE)-based systems are often employed. The switch from
aqueous-phase CO; reduction to GDE systems brings with it a whole range of new engineering parameters
to optimize such as the inlet pressure, CO, purity, humidity, and mass transport within the catalyst
pores.[* 56 571 For example, pressurized CO; electrolysis has been proposed to allow for an easier
integration into dowstream processes such as Fischer-Tropsch syntheses at the expense of reduced
electrolyte conductivity and higher cell voltages.®”! This narrow pressure range and additional problems
such as CO; crossover, reduced long term stability, and carbonate formation are additional hurdles to
commercialization of the technology.®®® GDE setups bypass the solubility challenge which aqueous-
based systems face through the creation of a triple-phase boundary which allows for higher conversion
rates that are more feasible for industrial applications.® ** % For this reason, a custom-built GDE flow cell
system was employed to examine the catalyst selectivity for the CO,RR vs. HER (Figure S12). A simplified
electrochemical cell was employed in order to reduce the process parameter space so that a few key
parameters could be independently studied. The electrochemical setup showed relative stability for 3 h.
After 3 h, liquid that bypassed the PTFE layer of the cathode was observed in the gas chamber which
resulted in a significantly reduced FE.,, most likely due to reduced CO; transport to the catalyst layer
(Figure S13). The process parameters were examined for the new FeMo-N-C materials within the range
where the electrochemical cell showed stable performance. The material composition, applied reductive
potential, catalyst loading, and electrolyte type/concentration were systematically investigated as
engineering controls to influence the product distribution.

The ratio of atomically dispersed Fe to Mo atoms in the catalyst was used as a parameter to
influence the final ratio of CO to H; in the product gas. Accordingly, the molar precursor ratio of iron to
molybdenum was varied in the FeMo-N-C (650/650) catalyst series to observe the compositional changes
in the produced syngas. The yield rate and faradaic efficiency for CO/H, for the bi-metallic samples show
there is a positive correlation between the ratio of iron to molybdenum and the faradaic efficiency (%) for
CO. An increase in the iron to molybdenum molar precursor ratio results in the generation of more Fe-Ny
sites and therefore an increase in selectivity for CO; reduction vs. HER. The expected selectivity for the
CO2RR to CO (Fe-N-C) and the HER (Mo-N-C) for the mono-metallic samples was confirmed. Fe-N-C in Fig.
2c is highly selective for CO generation and achieves a FEco between 84 % to 94 % over the potential
window from -0.3 V to -1.1 V vs. RHE (FEco, max=94.4 % at -0.7 V). This selectivity of the Fe-N-C catalyst
surpasses that of Ag nanoparticles, known to be selective for CO production (Fig. S14). By contrast, in Mo-
N-C (975/950), Fig. 2d shows a high selectivity for the HER over the CO;RR over the entire potential
window from -0.3 V to -1.1 Vgue. The increased selectivity for H, over CO for Mo-N-C is higher than other
M-N-C catalysts known to have a reduced faradaic efficiency for CO formation such as Co-N-C studied by
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Pan et al.’®? For the series of bi-metallic FeMo-N-C catalysts, we see a mixed selectivity for CO,RR/HER
which is intermediate between Fe-N-C and Mo-N-C. The onset potential for CO generation for the iron-
containing M-N-C catalysts is near the thermodynamic minimum while for the Mo-N-C catalyst, the onset
potential for CO generation is between ca. -0.3 to -0.5 Vrye and FEco reaches a maximum of only ca. 22 %
between -0.5 V and -0.7 Vgue (Figure S15).

In terms of CO,RR to CO activity, the bimetallic FeMo-N-C (650/650) with a ratio of Fe:Mo =1
reaches a maximum CO partial current density of -7.1 mA cm at -0.9 Vrue. While, as expected, the mono-
metallic Fe-N-C (975/950) was the most CO-selective catalyst for FEco (Fig. 2c) and boasted the largest CO
partial current density of -31.3 +/- 1.3 mA cm-2 at a potential of -1.1Vgye (Fig. $16) with a corresponding
FEco = 88.6 %. The large difference in the maximum CO partial current densities between the catalysts
synthesized at different temperatures is likely a result of changes in the catalyst morphology which results
in Fe-N-C (975/950) having a higher BET surface area and double-layer capacitance than the FeMo-N-C
(650/650) series of catalysts (Figures S9 and S17). These morphological changes are due to the limiting
synthesis conditions required to maintain atomic dispersion in the bi-metallic samples, which is necessary
for investigating the selectivity changes for CO:H; resulting from changes in the quantity of Fe-Nyx and Mo-
Ny sites.

By comparing Fig. 3a and Fig. 3b, it is observed when the ratio of iron to molybdenum is varied
there is a marked shift in the selectivity from the CO,RR to HER at both low and high overpotentials. Figure
3 shows several interesting trends when the ratio of iron to molybdenum is varied. As expected, when the
ratio of iron to molybdenum is increased (generating more Fe-Ny sites), the catalyst becomes more
selective for the CO,RR, resulting in decreased (H,:CO) syngas compositions. ICP-MS was used to confirm
that changing the Fe molar precusor ratio of Fe:Mo, results in corresponding changes in the molar ratio
of Fe:Mo in the final catalyst, (e.g., for a precursor molar ratio of Fe:Mo = 0.25 and 4, the final atomic
weight percentage ratio of Fe:Mo was determined to be 0.28 and 0.97, respectively (Table S3)). When the
molar precursor ratio of Fe:Mo is 0.25, creating significantly more Mo-N; sites, the jco, max = -5.3 MA CMgeo”
2 (FEco = 36.1 % at -0.9 Vrye). When this ratio is increased to 4.0, creating significantly more Fe-Ny sites, the
maximum CO partial current density and FEco increases to jco, max = -12.3 MA cMgeo? (FEco = 63.2 % at -0.9
Vrue). Fig. 3c and Fig. 3d show that the syngas ratio is relatively independent of potential and depends
primarily on the ratio of Fe:Mo until ca. -0.9 Vgxe. Once the potential is made more negative than -0.9 Vg,
the syngas ratio depends on both the potential and the ratio of Fe:Mo as is also observed in Fig. S18,
where the largest shifts in H,/CO are seen for the most cathodic potentials investigated (e.g., -0.9 Vrue and
-1.1 Vrue). By utilizing the changes in the ratio of Fe:Mo and altering the reductive potential, it was shown
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(Fig. 3d) that the H,:CO ratio could be tuned between 0.2 — 4 (resulting in a corresponding CO:H, ratio of
0.25-15).
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2. 4: Figure 4. Electrochemical performance of the bi-metallic FeEMo-N-C samples. Yield Rate (nmol s-1
cmgeo-2) for (a) Fe: Mo = 0.5:1 and (b) Fe: Mo = 1:0.2. The magnitude of the (c) CO partial current density
and (d) H2 partial current density (V vs. RHE). Samples labeled 1, 2, 3, 4 correspond to a ratio of Fe:Mo =
0.25, 0.5, 2, 4, respectively.

Importantly, the partial current density for the HER (ju2) is much less sensitive to variations in the
ratio of iron to molybdenum (juz, max = €a. -15 mA cm for all FeMo-N-C (650/650) samples) as can be seen
when comparing Fig. 4c and Fig. 4d. The partial current density for the HER (ju2) (Fig. 4d) increases
monotonically as the potential is made more reductive from ca. -0.5 mA cm™ at -0.3 Ve to ca. -15 mA
cm at -1.1 Vg regardless of the precursor Fe:Mo ratio. Variations in the Fe:Mo precursor ratio does not
result in a significant change in ju,. It was observed that during the catalyst synthesis, molybdenum has a
much higher retention in the final sample (Table S3): varying the metallic precursor ratio causes a more
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significant weight percent (wt.%) change for iron than for molybdenum (e.g., increasing precursor Fe:Mo
from 0.25 to 4.0 results in a much larger relative increase in iron (from 0.40 to 1.46 wt.% Fe) than a relative
decrease for Molybdenum (from 1.46 to 0.99 wt.% Mo)). This suggests, that for reducing the final Mo at.%
(Mo-Ny sites), larger reductions in the molar Mo precursor ratio need to be considered to achieve the
corresponding change in the molar Mo at.% in the final material. The different final atomic metal wt.%
sensitivity to precursor ratio has significant implications in terms of the CO2RR activity of the resulting
catalysts (Fig. 4a and Fig. 4b). By changing the Fe:Mo precursor ratio from 0.5 to 4, a large increase in the
yield rate of CO (as more Fe-Ny sites are present) is seen when comparing Fig. 4a and Fig. 4b. In contrast,
the yield rate of H, remains almost unchanged despite changes in the Fe:Mo precursor ratio. This supports
the ICP-MS observation that changes in the final Mo wt.% are less sensitive to changes in the Fe:Mo
precursor ratio (e.g., a large quantity of Mo-Ny sites remain even for large Fe/Mo precursor ratios). A
similar trend is seen for samples with other Fe:Mo ratios shown in Fig. 4c and Fig. S19. The corresponding
jco and ju2 partial current densities for the FeMo-N-C catalysts at Fe:Mo ratios of 0.25, 0.5, 2 and 4 are
shown in Fig. 4 ¢ & d.

The trends for faradaic efficiency (Fig. 3) and partial current density (Fig. 4) for the FeMo-N-C
(650/650) samples demonstrate that the syngas composition can be tuned through either changes in the
ratio of Fe:Mo, and/or changes in the reductive potential.
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2. 5: Figure 5. Partial current density for H, or CO, under several control experiments, using the FeMo-N-
C (650/650) (Fe:Mo = 1:0.5). Low catalyst loading (no asterisk) is 0.1 mg cmgeo? while high catalyst
loading (asterisk *) is 1.0 mg cmgeo 2. Control 1 (C1): N inlet, 0.5 M KHCOs(aq); Control 2 (C2): CO; inlet,
0.5 M KHCOs(aq); Control 3 (C3): CO2 inlet, 0.1 M KHCOs (aq); Control 4 (C4): Nz inlet, 0.5 M potassium
phosphate buffer (PBS) (pH =7.5) (aq).

In addition to factors intrinsic to the catalyst composition which influences selectivity/reactivity,
the reaction conditions were also investigated to uncover their role in syngas selectivity. Several control
experiments were conducted to assess the influence of reaction conditions on CO2RR vs. HER activity (Fig.
5). These controls investigate the role of the catalyst loading, electrolyte type/concentration, and inlet
feed composition on CO; reduction vs. HER activity. To confirm the CO; supplied from the gas feed is the
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main contributor to the observed CO,RR products, a control was conducted using a N; gas feed in a 0.5M
KHCOs electrolyte. It is known that in the absence of gas phase CO,, some CO; can be supplied through
the KHCOs electrolyte resulting in limited CO production. The role of bicarbonate in supplying CO; to the
cathode is highly important for many different systems.l®® Some groups have even used highly
concentrated bicarbonate electrolytes as CO, sources for formate production to avoid the need for a pure
CO; feed stream.[5* %1, Control 1 shows that even in the absence of a gaseous CO, feed, there is still CO
formation from CO, supplied by the electrolyte. A trace amount of CO is even produced (-0.19 mA cmgeo™
at -1.38 Vrye) using bare Sigracet 29 BC carbon GDL, 100 % CO, feed, and 0.5M KHCO3 but no CO is detected
for potentials less cathodic than -1.38 Vgrue (Fig. S20). This is evidence that the bare carbon paper itself is
sufficient for trace CO; reduction given a sufficiently high overpotential. Control experiment 2 shows that
the catalyst loading can have a significant effect on the CO,RR/HER selectivity. When the catalyst loading
isincreased from 0.1 to 1.0 mg/cm?(denoted by an *), there is an increase in the CO partial current density
and resultant increase in the FEco from 40.4 % to 76.3 %. The effect of the catalyst loading on the syngas
selectivity is rooted in changes in the morphology of the catalytic layer, the active site accessibility, and
the mass transfer limitations for the HER and CO;RR. Previous studies have shown that even the method
of deposition (e.g.,dip coating, brush painting, drop casting, or spray coating) of the catalyst layer can
result in significant morphology changes which influence catalyst selectivity.®® The catalyst layer
thickness will also increase with increased loading which will alter the potential drop across that layer and
the resulting selectivity. Both the catalyst layer thickness and the change in morphology with respect to
catalyst loading may ultimately have a significant effect on the observed selectivity.!®®®® The third control
experiment is evidence that the electrolyte concentration plays a significant role on the observed
CO2RR/HER activity, where the high concentration 0.5M KHCOs electrolyte showed significantly higher CO
and H, partial current densities (at both high and low catalyst loadings) than the 0.1M KHCO; electrolyte.
This is likely due to a decrease in the ohmic resistance and an increase in the electrolyte buffering capacity
at higher bicarbonate concentrations. There does not appear to be a statistically significant effect on the
selectivity by changing the electrolyte concentration alone which seems to point to the fact that the
change in the electrolyte conductivity has a greater effect than its buffering capacity on influencing the
overall activity. Control 4 confirms the source of CO to be largely from the CO, feed gas with a small
contribution from the KHCO; electrolyte. By eliminating both the CO, gas feed and CO, containing KHCOs
electrolyte and utilizing a N gas feed with a phosphate buffer solution (PBS), no CO was detected during
the electrolysis which is evidence that the CO originates from the cathodic reaction.

Conclusions

In summary, a novel approach to tailor the CO:H, composition of syngas produced through the
electrochemical CO,RR was demonstrated by selectively tuning the ratio of atomically dispersed Fe-Ny and
Mo-Nq sites in a bi-metallic FeMo-N-C catalyst. It was demonstrated that the ratio of Fe:Mo in the catalyst
could be altered with minimal effect on the catalyst’s local chemical environment, such as degree of
graphitization, N-moiety content, and morphological characteristics. This enabled changes in the CO:H,
ratio to be attributed to changes in the quantities of Fe-Ny and Mo-N sites, rather than to physical changes
in the cataysts. Among the series of bimetallic FeMo-N-C catalysts, the catalyst with the highest Fe:Mo
ratio of 1:0.25 shows the highest CO production rate and faradaic efficiency. The catalyst with the lowest
Fe:Mo ratio of 0.25:1 shows the lowest FEco and jco. The possibility for a dynamic control of the syngas
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composition was shown by changing the reductive potential. As demonstrated for the FeMo-N-C catalyst,
a reductive potential between -0.5 to -0.7 Vrue yielded CO as the major product, while operating at more
reductive potentials yielded H, as the major product. By employing changes in the quantity of Fe-Ny to
Mo-Ny sites and changes in the applied reductive potential, syngas ratios of CO:H, between 0.25 — 5 were
obtained. The unique approach shown here provides a pathway to selectively tailor the ratio of CO:H; in
syngas, produced in a single reaction, which eliminates the need for downstream mixing to achieve a
desired composition.
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Methods
Synthesis of atomically dispersed Fe/Mo/FeMo-N-C

The series of Fe, Mo and FeMo-N-C catalysts utilized in this work were synthesized following the sacrifical
support method. For a typical synthesis (taking FeMo-N-C as an example), 6.25 g nicarbazin; 0.6 g iron
nitrate nonahydrate; 0.26 g ammonium molybdate tetrahydrate (The amount of metallic precursor is
calculated such that the total number of metal atoms in each catalyst is the same); 1.25 g LM-150; 1.25 g
OX-50 and 0.5 g stober spheres were dispersed in water, sonciated for 30 min and dried at 45 "C under
constant stirring. The resulting powder is ball-milled at 45 Hz for 1 hour, and then is pyrolyzed under 7 %
H,for 45 min at 650 °C. The powder is ball-milled again and etched with 40 wt. % HF for 4 days. The mixture
is washed until pH > 5. After drying, the powder undergoes a second pyrolysis for 30 min at 650 °C under
a 10 % NH;s followed by a final ball-milling step.

For the mono-metallic Fe-N-C and Mo-N-C, the synthesis is identical with only the pyrolysis temperatures
being changed to 975 °C in the first pyrolysis and 950 °C in the second.

For comparison, unsupported Ag nanoparticles were purchased having particle size < 100 nm and a 99.5
% (trace metal basis) purity.

Physical Characterization

The formation of atomically dispersed metal sites and catalyst strcuture were analyzed by aberration-
corrected scanning transmission electron microscopy and energy dispersive X-ray spectroscopy (EDS)
using a JEOL ARM300CF at an accelerating voltage of 300 kV. The surface morphology of the catalyts was
visualized by scanning electron microscopy using a FEI Magellan 400 XHR SEM. The surface chemical
structure, valence state and composition was analyzed using X-ray photoelectron spectroscopy performed
on a Kratos AXIS Supra spectrometer with a monochromatic Al Ka source (The raw N 1s and Mo 3d spectra
are given in Fig. S21 and S22, respectivley). The crystalline structure of the catalysts was analyzed by
powder X-ray diffraction using a Rigaku Powder X-ray diffractometer. Inductively coupled plasma mass
spectrometry was used to quantify the metallic content of the catalysts. N, physisorption was performed
on a Micromeritics 3Flex Analyzer at 77K. The surface area and pore size distribution were calculated using
the Brunauer-Emmett-Teller method and non-local density functional theory model (NLDFT), respectively.
Raman spectra were recorded on a InVia, Renishaw Corp., UK system.

XANES/EXAFS

XAS data was collected at the 10-BM beamline of the Advanced Photon Source (APS) at Argonne National
Laboratory. The sample was first mixed with some binder and pressed as a pellet. The pellet was then
sealed with Kapton tapes in the holder. Measurement was conducted at the Fe K edge and Mo K edge in
transmission mode. The data was processed and modeled using the Demeter XAS software package.!®
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The EXAFS amplitude reduction factor S02 was determined based on the fitting of a standard reference
material.

Preparation of the working electrode

A GDE was fabricated by hot pressing a Sterlitech PTFE membrane filter to a Sigracet 29 BC GDL carbon
paper. For a 1.0 mg/cm? loading, the catalyst ink was made by sonicating 900 uL IPA, 100 uL DI water, 10
mg catalyst powder, and 60 uL 5 wt. % nafion ionmor solution (in lower aliphatic alcohols). The ink was
spray coated onto a heated carbon paper for the cathode and the anode was bare carbon paper bonded
to PTFE. Unsupported Ag nanoparticles (particle size < 100 nm) were purchased from Sigma-Aldrich which
have a 99.5 % (trace metal basis) purity and were used in the same ink formulation for Ag-based cathode.

Electrochemical CO; Reduction

The electrocatalytic activity was evaluated using a custom-built gas diffusion electrode flow cell (Figure
S21) in a three-electrode configuration. Connection to the counter/working electrode was made via
alligator clips attached to conductive Cu tape attached to the electrode and isolated from the
ionic/electrolyte path. The distance between counter electrode (anode) and working electrode (cathode)
was 0.6 cm and was separated by a liquid electrolyte which was recirculated using an anolog variable
speed pump (Core Palmer Masterflex, Model No: SK-07555-00). The liquid electrolyte flow rate was
measured to be 26.1 +/- 1.1 mL min™. The CO, was Research grade 4.8 purchased from Praxair (99.998%)
with < 0.1 ppm CO and < 2 ppm THC (as CH4). The pure CO; gas stream was fed directly to the inlet of the
gas chamber of the flow cell at a rate of 10 sccm by means of an Alicat 0-50 sccm mass flow controller. A
5-channel EC-Lab VSP-300 potentiostat was used for electrochemical measurements. Constant potential
electrolysis (CPE) was performed across the potential range from -0.3 V vs. RHE to -1.1 V vs. RHE. Each
potential was applied for 30 minutes and the current response was measured. Perturbations in current
density are due to mechanical disturbance of the cell in removing gas sampling vials for GC analysis. Three
gas sampling vials are removed per potential over the thirty minute CA experiment (Figure S23). The
reference electrode was a Gaskatel™ reversible hydrogen electrode (RHE) used to apply the selected
cathode potential in potassium bicarbonate or phospate buffer solution (PBS) based electrolyte. The

28



faradaic efficiency for the product(s) detected was calculated based on the charge transferred to obtain
the selected product divided by the total charge transferred to obtain all products.

FE. = Ninl-F
LT ZNiniF

Where, N; represents the number of moles of product detected by either GC or *H NMR, n; represents
the number of moles of e transferred per mole of product produced (e.g., 2 for CO and Hz), and F is
Faraday’s contant (F = 96485 C mol™ of electrons).

Product detection

The gaseous products generated during CO; reduction electrolysis were sampled and injected into
a dual-column gas chromatograph to detect CO/H, along with any possible CH4 or hydrocarbons. Three 5
mL PTFE/red rubber septa sealed gas vials were collected over the course of every 30 minute
chronoamperometry measurement and each were used for separate direct injections into a dual parallel
column Agilent 7890B Gas Chromatography unit. Each gas sampling vial was purged with the flow cell
effluent by means of an exit needle inserted into the vial to allow the composition of the gas vial to
equilibrate with the gas chamber composition. An Agilent HP-MOLESIEVE column connected to a thermal
conductivity detector (TCD) using Helium carrier gas was used to quantify CO while the carrier gas was
switched to N using the same HP-MOLESIEVE column and TCD detector for H, detection. A GS-CarbonPlot
column connected to a flame ionization detector was used to screen for any hydrocarbon production. H
NMR was performed to confirm the absence of any liquid products.
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Chapter 2: Supporting Data: Bi-metallic M-N-C (M = Fe, Mo) Catalysts for CO2 Reduction

.

2.S 1: Figure S1: Low & high magnification AC-HAADF STEM images and corresponding EDS mapping of
the FeMo-N-C (975/950) catalysts. The high contrasts spots indicate the presence of alloyed Fe/Mo
nanoclusters and nanoparticles formed at the higher pyrolysis temperatures.
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2. S 2: Figure S2: Low & high magnification AC-HAADF STEM images of the Fe-N-C (975/950) and (b) Mo-
N-C (975/950) catalysts. The high contrast spots in the high magnification images are atomically
dispersed Fe and Mo sites.
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2. S 3: Figure S3: XRD patterns for (a) Mo-N-C at different synthesis temperatures and for (b) The bi-
metallic FeMo-N-C catalysts at varying Fe:Mo ratios.
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2. S 4: Figure S4: SEM images for (a) Mo-N-C (b) Fe-N-C and (c) FeMo-N-C showing the hierarchical
porous structure obtained from the SSM method.
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2. S 5: Figure S5: N2 physisorption of the Fe/Mo/FeMo-N-C catalysts with the corresponding BET surface

area and pore size distribution.
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2. S 7: Figure S7: (A) Raman spectra of the FeMo-N-C catalyst at different pyrolysis temperatures, with
the corresponding D/G ratio.
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2. S 8: Figure S8: Annular bright-field STEM image of FeMo-N-C (975/950), demonstrating the
autocatalyzed graphitization by an iron nanoparticle at high temperatures. Resulting graphitic sheets can
be observed.
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2.5 9: Figure S9: D-L capacitance (mF cm™) plotted vs. BET surface area (m? g!). Catalyst loading = 0.5
mg cm2, 0.2 t0 0.5 Vge.
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2. S 10: Figure S10: (A) FeMo-N-C (975/950); (B) Fe-N-C (975/950); (C) Mo-N-C (975/950); (D) FeMo-N-C
(650/650) with Fe: Mo = 1:1; catalyst loading = 1.0 mg/cm2, 100 % CO2 feed, 0.5M KHCO3(aq)
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2.S11: Figure S11: LSV curves in N2-saturated 0.1 M PBS (K2HPO4/KH2P04) solution and CO2-saturated
0.1 M KHCO3 solution using 0.3 mg cmgeo-2 catalyst loading for (A) Fe-N-C (975/950) and (B) Mo-N-C
(975/950). The scan is in the cathodic direction at 1 mV/s.
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2. S 14: Figure S14: Comparison of geometric partial current densities with flow cell for Ag-based and Fe-
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2. S 16: Figure S16: Product analysis from -0.3 V to -1.1 V vs. RHE for (A) FeMo-N-C (975/950); (B) Fe-N-C
(975/950); (C) Mo-N-C (975/950); (D) FeMo-N-C (650/650); catalyst loading = 1.0 mg cm™, 100 % CO>
feed, 0.5 M KHCOs(aq).

46



a b
= CO ) _ 100, 1
00 Ly Fe:Mo =2 —~ COFe:Mo =0.25 *
o 80 2
§ 80 5
260 . 2 60}
3 3
40|
© 20 . . o 20t T
o] " © (]
X gl | - X gf = i
0.3 05 -07 -09 -1.1 03 -05 -0.7 -09 -1.1
Potential vs. RHE (V) Potential vs. RHE (V)
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2.5 18: Figure S18: (A) H,/CO syngas ratio versus metal precursor ratio (Fe:Mo) at -0.9 and -1.1 V vs.
RHE. (B and C) Faradaic efficiency (%) for FeMo-N-C (650/650) where Fe: Mo = (B) 1:0.25; (C) 0.5:1 using
1.0 mg cm™, 100 % CO, inlet, 0.5 M KHCOs (aq) electrolyte. (D) Partial current density for species i (H, or
CO) for Control Samples using FeMo-N-C (650/650) (Fe /Mo = 1:0.5). Low catalyst loading (no asterisk
(*)) is 0.1 mg cmgeo > While high catalyst loading (asterisk (*)) is 1.0 mg cmgeo®. C1: Ny inlet, 0.5 M
KHCOs(aq); C2: CO; inlet, 0.5 M KHCOs(aq); C3: CO; inlet, 0.1 M KHCOs(aq); C4: N3 inlet, 0.5 M potassium

phosphate buffer (PBS) (pH =7.5) (aq).
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2.5 19: Figure S19: FeMo-N-C (650/650) with precursor molar Fe: Mo ratio of (A) 1:0.5, (B) 0.5:1, (C)
1:0.25; (D) 0.25:1. Catalyst loading = 1.0 mg cm™, 100 % CO; feed, 0.5 M KHCOs(aq).
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2. S 21: Figure S21: High-resolution N 1s XPS spectra (S1: FeMo-N-C (975/950); S2: Fe-N-C (975/950); S3:
Mo-N-C (975/950); S4: FeMo-N-C (650/650); FeMo-N-C (650/650) where Fe:Mo molar precursor ratio =
1:0.5 (S5), 0.5:1 (S6), 1:0.25 (S7), and 0.25:1 (S8)) with component fitting and relative % of nitrogen
moieties showing sample spectra for S1 (Fig 2B) and S5 (Fig 2D).
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2.S 22: Figure S22: High-resolution Mo 3d XPS spectra with component fitting and relative % of Mo
moieties showing sample spectra for FeMo-N-C (0.5:1) (S6) where (S6*) denotes post-electrolysis
sample.
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2. S 23: Figure S23: Sample chronoamperometry (CA) curve at -0.3 V vs. RHE for constant potential
electrolysis (CPE).
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Potential and
absolute current

Catalysts Synthesis Method Electrolyte . ) Reference
density (|jco|) for
syngas (CO:H, =1:2)
Carbon + aniline, metal
Ni-N-C nitrate (NiCl), Pyrolysis 1 M KHCO3 ca.— 1.7V vs. RHE Moller et
I_ -
(x 2) 900°Cfor 1 hin N, (flow-cell) ca. 160 mA cMgeo™ al.l#
atmosphere
ca.—0.9Vvs. RHE
Mn-N-C
ca. 1.2 mA cMgeo?
Urea, citric acid, metal
. ca.— 0.8 Vvs. RHE
Fe-N-C nitrate. 0.1 M KHCO3
) . ) ca. 3 mA cmgeo™? o
Pyrolysis (Pyr x 1): 550°C (static Pan et al. 12
for 2h + 900°C for 1hin electrolyte) ca.-0.45and -0.85
V vs. RHE
Co-N-C Ar atmosphere
ca. 0.5 and 5 mA
CMgeo
1. 4,4'-dipyridyl hydrate, ca.—0.47 and - 0.65
V vs. RHE
MIn-N-C EtOH, CoCl,6H,0 +
CuCl,2H,0. ca. 1.5and 3.3 mA
Pyr (x 1): 500°C, 2h, Ar 0.1 MKHCO; CMgeo™
r : ) ’ = . €0
y (static ¢ Juetal 79
N-C. ca.—0.72 V vs. RHE
Fe-N-C . electrolyte) 5
2. N-C + MClIy solution, €a. 5 mA cmgeo
NiN.C Pyr (x 1): 900°C for 2h in ca.— 0.47 V vs. RHE
- Ar, 1 hin H; ca. 0.5 mA cMgeo?
Electrospinning of 0.1 M KHCO3
o . ca.—0.60 V vs. RHE
Polyacrylonitrile, (static 5
. ca. 1.5 mA cmgeo
polypyrrolidone, electrolyte)
Ni(NOs3),6H,0,
NEN-GS ((j, 3?; o
icyandiamide solution
(graphene Y o Jiang et al.[6%
in dimethyl
spheres) 1 M KHCO3 ca.—0.45 V vs. RHE
formaldehyde. f I 15 mA N
Pyr (x 1): 750°C for thin  (1ow-cell €0. 25 MA CMeeo
5% H295 % Ar
atmosphere.
Metal organic 0.5M
framework (ZIF-8), NaHCO3 ca.—0.92 V vs. RHE
Fe-N-C ) ] Huan et al. B3
ferrous acetate, (static ljco| not reported

phenanthroline.

electrolyte)
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Pyr (x 2): 1050°C for 1 h
in Ar
950°C for 5 mn in NH3

Zn(N03)26H20, 2-
o ca.—0.4and-0.8V
methylimidazole, 0.1 M KHCO3 RHE
Vs.
Co-N-C Co(NOs)39H,0, methanol (static Pan et al. "1
ca. 0.2 and 1.8 mA
Pyr (x 1): 1100°C for 1h electrolyte)

) CMgeo
in Ar atmosphere
Melamine,
formaldehyde soln. (37 0.1 M KHCO ca. -0.90 V vs. RHE
Fe-N-C ) Y i ( 3 B Zhao et al.l”Z
wt.%), iron chloride, Pyr (H-cell) ca. 1.3 mAmg

(x 1) 950°Cfor 1 hin N,

ca.-0.60V,-1.0V, -

PANI-derived carbon, 1.1V vs. RHE; |jco]| =
. Ni(CN)s* metallic 0.1 M KHCO; 0.4,4.8,3.3 mA
Ni-N-C g Wang et al.[”?
precursor. Pyr (x 1) (H-cell) CMgeo > for H,/CO of
1000°C 0.8,1.1,and 6.3,
respectively.
FeMo-N-C -0.3and -0.9 Vvs.
(molar RHE
precursor Fe 0.4 and 5.3 mA cmgeo”
/Mo =0.25) 2

SSM with nicarbazin,

FeMo-N-C o .
silica, Stéber spheres,
(molar ) . 0.5 M KHCOs -1.1 Vvs. RHE .
iron metallic salt, 5 This work
precursor Fe . (Flow-cell) 9.3 MA CMgeo”
molybdenum metallic
/Mo =4.0)
salt
FeMo-N-C
-1.1Vvs. RHE
(molar 2
10.8 MA cmgeo for
precursor Fe
H,/CO=1.28

/Mo =2.0)

Table 2: Table S1: Literature summary for M-N-C catalysts for syngas generation.
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Sample %At. Conc. %At. Conc. %At. Conc. %At. Conc. %At. Conc.
Oxygen Carbon Nitrogen Molybdenum Iron
FeMo-N-C 1.49 96.67 1.62 0.2 0.02
(975/950)
Fe-N-C 1.61 95.12 3.25 0 0.02
(975/950)
Mo-N-C 2.56 94.23 2.72 0.49 0
(975/950)
FeMo-N-C 2.3 83.3 14.19 0.2 0.01
(650/650)
FeMo-N-C 5.53 85.93 8.36 0.16 0.04
(1:0.5)
FeMo-N-C 5.71 85.32 8.69 0.26 0.03
(0.5:1)
FeMo-N-C 5.54 85.45 8.74 0.1 0.17
(1:0.25)
FeMo-N-C 5.33 85.37 8.96 0.29 0.04
(0.25:1)

Table 3: Table S2: %At. Conc. as obtained by high-resolution X-Ray photoelectron spectroscopy for mono-
and bi-metallic MNC samples.
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Mass %

Molar Fe Mo Total Metal .
sampl p tio  (ppb)  (ppb) ' © Atomic Wt Ratio
ample recursor ratio omic Wt.
P PP PP wt.% wt.% Fe/ Mo (ICP-
Fe: Mo ICP-MS ICP-MS %
MS)
FeMo (0.25) 0.25 43.95 159.16 0.4 1.46 1.86 0.28
FeMo (0.5) 0.5 56.84 161.81 0.44 1.25 1.69 0.35
FeMo (2) 2 100.81 82.13 0.81 0.66 1.46 1.23
FeMo (4) 4 110.47 114 0.96 0.99 1.95 0.97
Mo 0 231.6 0 2.2 2.12
Fe 52.86 0 0.44 0 0.44

Table 4: Table S3

: ICP-MS of Fe-N-C, Mo-N-C and FeMo-N-C electrocatalysts.
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Sample Low BE range/ High BE FEco,max
range

65.3+/-9.1 %at-0.7V

1 0.238 vs. RHE
94.4+/-11%at-0.7V

2 0.448 vs. RHE
22.8+/-1.6%at-0.5V

3 0.837 vs. RHE
70.8 +/-2.4% at -0.5V

4 0.804 vs. RHE
713+/-13%at-0.7V

5 1.107 vs. RHE
63.8+/-4.5%at-0.5V

6 1.015 vs. RHE
75.8+/-1.8% at-0.5V

7 1.047 vs. RHE
51.2+/-9.2%at-0.5V

8 0.994 vs. RHE

Table 5: Table S4: Correlation between the ratio of all XPS peaks lower than 400 eV to that above 400 eV
for N 1s spectra for sample catalysts (S1: FeMo-N-C (975/950); S2: Fe-N-C (975/950); S3: Mo-N-C
(975/950); S4: FeMo-N-C (650/650); FeMo-N-C (650/650) where Fe:Mo molar precursor ratio = 1:0.5
(S5), 0.5:1 (S6), 1:0.25 (S7), and 0.25:1 (S8)).
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Fe K edge

Ny 34407
FRa 2.00+£0.05
ho K edge

Ny 1.5203
Flia N 1.74£0.02

*5¢ are set to 0.003

Table 6: Table S5: Fitting results for the Fe-N/Mo-N distances (bond length: A).
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Section 3: Copper-Based Catalysts (Cu-based catalysts) for CO2 Reduction
Chapter 1: Overview/Introduction to Cu-based Catalysts for CO, Reduction

Copper is unique in its ability to reduce CO; beyond CO to further reduced C1, C2, and even
trace amounts of C3 products. "*7*! However, copper-based catalysts often suffer from poor product
selectivity and usually do not have a high conversion rate to hydrocarbons. Li et al recently studied
modified Cu electrodes by reducing um-thick Cu20 and found improved CO2R current density and
selectivity for CO/HCOOH compared to polycrystalline Cu at the expense of a lower faradaic efficiency
for hydrocarbon (CH./C;Ha) formation. 74 Hori et al studied a series of copper single-crystal electrodes
and found the selectivity towards C1 vs. C2 products (e.g., CH4 vs. C;Hs) was tunable based on the
catalysts’ crystallographic structure. 7® They found Cu (111) mainly yields CH, while Cu (100) yields C;Ha.
Zhong et al furthered this crystallographic-activity study as their group synthesized stepped Cu (110) and
Cu (100) copper hydroxide/oxides derived Cu catalysts which yielded impressively high faradaic
efficiencies for C2 products as high as 82%. 7!

In addition to obtaining favorable crystallographic open facets for CO, reduction on Cu-based
catalysts, the subsurface oxygen content, particle size, coordination environment, and structure and
density of both total grain boundaries (GBs) and randomly-oriented GBs are all critical factors
influencing the electrocatalytic performance. 778! While*CO is strongly bound on Ag and Au catalysts,
Cu offers intermediate binding strength of *CO with an absence of underpotential deposited hydrogen
leading to the ability for C-C coupling and more highly reduced products. 7*7”! Complementary
techniques such as temperature-programmed desorption of CO (CO-TPD) and transmission electron
microscopy-based automated crystal orientation mapping (TEM-ACOM) reveals the association of
stronger CO-binding sites with increased occurrence of randomly oriented GBs. Kanan et al have shown
that the presence of random GBs is associated with increased occurrence of C-C coupling and high
selectivity for the electroreduction of CO to C2 oxygenates (e.g., ethanol and acetate) in alkaline KOH. ">
80]

Research into highly dense Cu nanowires has yielded additional insights into the explicit role of
GBs in promoting or hindering CO/CO2 electroreduction. 882 Ma et al studied Cu nanowires produced
by electrically reducing CuO nanowires on Cu mesh (ECR method) vs. nanowires produced by thermal
annealing (HR method) in H; between (150 — 300) °C. ®4The L/D (length over diameter) of nanowires is
found to be a function of the synthesis method of nanowires. Additionally, the catalysts produced by
thermal annealing (HR) are found to be less active for CO,R compared to those produced
electrochemically. By contrast, the ECR Cu nanowires have high CO.R activity and are selective for CO
production in the low overpotential region (E > -0.5 V vs. RHE), and C2 species (ethane, ethylene, and
ethanol) in the high overpotential region (E < -0.5 V vs. RHE). The role of GBs in promoting or hindering
CO4R is still being investigated. Williamson-Hall analysis of XRD patterns is instructive for correlating
lattice strain to occurrence of differently oriented GBs and resulting CO;R activity. Additionally, GB-
induced increases in COR activity may be due to increased presence of undercoordinated Cu sites.
Koper et al examined CO and CO, reduction activity on different Cu crystallographic orientations as a
function of pH for Cu (111) and Cu (100). They found a favorable formation of ethylene on Cu (100) and
it was suggested that this occurred through pH-independent electron transfer to form *C,0
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intermediate. 3 Enhancement of CO;R activity may be ascribed to increased open Cu (100) as well as
Cu(110) facets in the vicinity of random GBs which would agree with previous studies. 7% 84

In addition to the importance of a high number of Cu rich defect sites with coordination number
lower than the bulk coordination number, the macroscopic morphology of the gas diffusion electrode
(GDE) is critically important. In order to investigate how the macroscopic morphology of Cu electrodes
may influence the electrocatalytic performance, several different electrodeposited Cu samples were
investigated. Electrodeposition has been used effectively by several groups to avoid the use of an ionic
binder for CO,R. #>#! We evaluated how the GDE performance of an electrodeposited sample is
influenced by the deposition time and charge. Clearly, if the deposition charge is too high, the GDE
attribute of enhanced CO; diffusion to active site and product diffusion away is hampered. As deposition
charge increases, the performance of the resultant foam starts to approach that of a foil electrode as
CO, diffusion to the CL and product diffusion away from the CL are dramatically reduced. A summary of
the plating solution, deposition charge, and major products for different GDE samples is shown in table
7.

GDE A; 0.2 M CuSQg4, 1.5M 20.270
H2S04

GDE A; 0.2 M CuS0O4,1.5M 0.656 H,
H2S04

GDE A; 0.2 M CuSO4,1.5M 2.105 Ha
H2S04

GDEB 0.1 M CuS0Oq4, 0.1 M 0.321 H,

ZnSO4, 1.5M HzSO4

Table 7: Plating Solutions, deposition charge C/cm2, and major observed product(s). GDE A3 was
presoaked in concentrated HNO3 for 1 hour before electrodeposition.

The electrochemical selectivity of the electrodeposited samples is shown in figure 9 as well as
the relationship between deposition charge and H; production rate. Concerning the deposition charge,
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we can see a sharp decrease in the H; production rate as the deposition charge increases from 0.3 to 2.1
C/cm? and then a more gradual decrease as the deposition increases by another order of magnitude to
20.3 C/cm?. The H; production rate reaches 109.7 nmol/(s*cm?) for a deposition charge of 0.3 C/cm?
which compares well to the H,-benchmark Pt cathode (Pt cathode at -1.219 Vgye, which produces 151.7
nmol H,/(s*cm?)). The CO,RR selectivity of the electrodeposited copper on GDE samples is low. This is
most likely due to surface inhomogeneities and less than optimal crystallographic structure for CO,RR
(e.g., low proportion of undercoordinated highly reactive Cu facets). Additionally, it is much harder to
obtain a good electrodeposition on carbon GDE vs. electropolished copper foil. Also the electrolyte
employed was 0.5 M KHCO3; which has been shown to allow for increased HER compared to more
alkaline electrolytes for electrodeposited samples. >IFor this reason, according to Hoang et al who used
HNOs; treatment as well as Cu sputtering on carbon GDL to pretreat the surface for electrodeposition
(choosing the latter so as not to cause GDL flooding which can be avoided with our GDL/PTFE combined
GDE), we pretreated GDE As by soaking in concentrated HNOs for 1 hour prior to electrodeposition. !
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Figure 3.1. 1: (A & B) H2 production rates using deposition solution as in table 7 and two-electrode setup
at -1 V vs. open-circuit voltage. C). CO2R gas products. * in picture means ethylene detected for GDE A2
was broad peak possibly due to GC column contamination.
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Although the faradaic efficiency for CO2RR products is low (FEcaua = 0.25%), it is interesting that
ethylene was detected with the absence of CO. The only other CO2RR product was formate for the
electrodeposited GDE samples (7.78 and 8.36 nmol/(s*cm?) for GDE A, and GDE B at -1.38 Vg,
respectively). Additionally, presoaking the GDE in HNOs caused a noticeable increase in C;H4 production
detected by a sharp well-resolved peak on the GC-FID detector. The increased occurrence of CO;R for
pretreated GDL at lower deposition current presents a guiding parameter for engineering GDE for CO3R.

Chapter 2: Graphene-based catalyst for CO2 reduction: The critical role of solvents in materials design

In addition to the morphological attributes influencing CO2R on electrodeposited samples, the
interlayer spacing of reduced graphene oxide layers supporting Cu nanoparticles in powder-based Cu
catalysts may substantially alter the catalytic performance. As the field was lacking a systematic analysis
of the specific effect for different solvents in Cu nanoparticle syntheses, we explored the role of five
common solvent classes in affecting CO4R activity. The role of water, ethanol (EtOH), ethylene glycol
(EG), Dimethylformamide (DMF), and y-Butyrolactone (GBL) on the synthesis of reduced graphene oxide
(rGO)-copper nanoparticles (Cu NP) electrocatalysts used in CO; reduction reactions (CO,R) was
investigated.

As these solvents have different sizes and contain different terminal groups (hydroxyl, carbonyl,
and amine), we have observed the variation of surface area, porosity, nanoparticle yield, defect density
and CO3R activities. We have shown that the selected solvents influence the morphology, porosity,
surface area, defect density of the rGO-CuNP composite samples. In addition, the solvent affects the
yield of CuNP and properties of rGO, especially the interlayer d spacing. Finally, we demonstrate how
the selected solvent affects the properties of rGO-supported CuNP for CO;R activity.

Result and discussion

Physical properties of rGO-CuNP such as defect density morphology, d-spacing, surface area,
porosity and yield of nanoparticles strongly depend on the selection of the solvent for their synthesis
because each precursor/solvent combination will exhibit a different solid—liquid interface interaction
and corresponding growth rate of CuNP. 91

The defect density and d-spacing can be determined from powder X-ray diffraction (XRD) (Fig.
3.2. 1a) studies of prepared rGO-CuNP. The characteristic diffraction peaks of CuNP at 43.2°, 50.65°, and
74.1° can be assignedto {111) , {200) ,and {220) planes of fcc structure of Cu (Fig. 3.2. 1a).
Other diffraction peaks positions at 33.04° and 61.34° correspondto {110) and €220) planes of
CuO and Cu20 respectively (Fig. 3.2. 1a). All these diffraction peaks have been observed with different
peak intensities in all solvent media used for the synthesis of rGO-CuNP. The interlayer spacing of non-
oxidized graphite is 0.34 nm, which is equal to the van der Waals thickness of a single layer of carbon
atoms. 2 The interlayer d-spacing of as-processed rGO in different solvents is greater than non-oxidized
graphite due to the intrusion of solvent molecules between rGO nanosheets. The XRD spectra of rGO
yields a d-spacing of 1.1, 1.3, 1.7, 2.0 and 2.2 nm in water, GBL, EG, EtOH and DMF, respectively.
Recently, some reports have showed that interlayer spacing of GO is affected by the size and functional
groups of solvents. °>°¥ Oxygen-containing solvents are strongly interacting with the hydroxyl, epoxy
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and carboxylic acid functionalities on the surface of GO. Therefore, the expansion of interlayer spacing
of GO is affected by the adsorption and the size of solvent molecules which is consistent with the data
observed in our study. 3
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Figure 3.2. 1: (a) X-ray diffraction (XRD) spectra of GO-CuNP grown in various solvents. (b) normalized
XRD peak of GO corresponded to (0 0 1) plane and determine the interlayer spacing of GO in different
solvents (c) the effect of solvents on full width half maximum (FWHM) of CuNP in the solvent dependent
synthesis of rGO-CuNP (d) C1s and Cu2p XPS spectra of GO-CuNP grown in DMF.

The full width at half maximum (FWHM) of the CuNP diffraction peaks in various solvent media
is shown for the different solvents. The FWHM is inversely related to the disorder in the crystal structure
such as point defects, line defects, interstitial defects, and grain boundaries. Thus the defect density of
CuNP exhibits the following trend, EtOH > DMF > EG > water > GBL. All samples are grown at the same
temperature and time and the only differences is the solvent media, which strongly affects the mass
transfer due to the strength of the solvent and Cu+2 intermolecular interactions. When Cu+2 ions are
reduced on the surface of growing rGO, the desolvation process determines the growth rate. According
to the defect density shown in Fig. 3.2. 1c, we can infer that the desolvation rate is greatest in ethanol
and decreases from DMF to EG to water to GBL and thus ethanol has the weakest solvent-Cu+2

molecular interaction.
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A detailed microscopic characterization has been performed to understand the morphology and
structure of rGO-CuNP nanostructures synthesized in different solvent media. Scanning Electron
Microscopy (SEM) reveals the effect of solvent on the morphology of CuNP and the yield of CUNP on the
surface of rGO. Fig. 3.1. 3 shows that CuNP are uniformly distributed and well-dispersed on the
graphene layers. The morphology of CuNP is similar in all solvents we have used except water. The
synthesis in water media results in spherical, elliptic, wire, and jointed structural morphologies of CuNP.
In addition, the SEM shows porosity differences among the rGO-CuNP structures. As seen in Fig. 3.2. 2,
the assembly of rGO-CuNP is more porous with the synthesis in ethanol, DMF, and GBL, in which rGO-
layers are better dispersed with intercalated CUNP compared to the rGO-CuNP synthesized in water and
EG where rGO-layers stack more densely. Fig. 3.2. 2f-j shows the backscattered electron (BSE) SEM
images, which clearly indicates the placement and morphology of CuNP on the surface and between
rGO layers. In addition, it demonstrates that graphene produced in this manner is highly defective and
this would be expected to increase the active site density and hence improve the catalytic activity of the
material. > % |t can clearly be seen that there is CUNP size variation between samples. The size of CuNP
synthesized in DMF are smaller than the rest of samples. Dynamic Light Scattering (DLS) is also used to
measure the average hydrodynamic size distributions to corroborate the size of CuNP in the used
solvents (Figure 3.2. S1a). The mean hydrodynamic diameters of CUNP synthesized in DMF are smaller
compared to the rest, which is also observed in SEM images. The size distribution of CuNP strongly
depend on the selection of the solvent for their synthesis because of the differences between solid—
liquid interface interaction. Here, homogenous dissolution of CuCl4 in solvent leads the better
dispersion on the surface of rGO and thus fast nucleation occurs, and anisotropic growth leads to the
formation of smaller CuNP.

3um

Figure 3.2. 2: Scanning electron microscope (SEM) characterization of solvent dependent synthesis of
rGO-CuNP. (a) Ethanol, (b) DMF, (c) Ethylene Glycol, (d) y-Butyrolactone (e) water. (f-j) backscattered
electron (BSE) SEM images of solvent dependent synthesis of rGO-CuNP. (f) Ethanol, (g) DMF, (h)
Ethylene Glycol, (i) y-Butyrolactone (j) water.
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The porosity and surface area of the samples are further characterized by Brunauer-Emmett-
Teller (BET) measurements (Figure 3.2. S1). Nitrogen adsorption—desorption isotherms and pore size
distributions are measured at 77 K in powder form. The BET specific surface area is calculated from the
nitrogen adsorption isotherms. The surface area of rGO-CuNP electrocatalysts synthesized in DMF,
EtOH, GBL, water and EG are 522.8, 317.5, 298.2, 117.8 and 68.1 m2/g, respectively. The pore size of
rGO-CuNP structures is DMF > EtOH > GBL > EG > water. Such nanoscale porosity comes mostly from
defects and interlayer d-spacing of GO. °”! As shown in figure 3.2.52, the defect density of rGO is
estimated by the ratio of D-band and G-band, which are related to sp3 and sp2 carbon, respectively. °>
%I The intensity ratio of the D-band and G-band of rGO-CuNP synthesized in different solvents is
relatively close to each other. Thus, the differences in the porosity levels are due to the interlayer d-
spacing of rGO layers. This result is consistent with the SEM analysis where EG and water derived
samples produce a more densely packed morphology as compared to DMF, EtOH and GBL samples.

Understanding the competition between hydrogen evolution and COR is of fundamental
importance to increase the faradaic efficiency for electrocatalytic CO; reduction. rGO-CuNP samples
synthesized in different solvents are first investigated by cyclic voltammetry in neutral electrolyte
saturated with N, for understanding their hydrogen evolution reactions (HER) reactivity before being
tested in neutral electrolyte saturated with CO; for investigation of their CO2R activity (Fig. 3.2. 3). The
electrocatalysts synthesized in EtOH, DMF, and EG exhibit a high current at — 1.0 V vs. RHE (~35 mA
cm™2) and a significant current difference between the CO,-saturated experiment and the N»-saturated
experiment, hence suggesting a selectivity toward CO2R compared to HER. The materials with the
highest selectivity toward CO,R are those exhibiting the higher surface area and defect density of CuNP.
The electrocatalysts with the highest selectivity toward CO3R are those exhibiting the higher surface
area and defect density of CuNP. The electrochemical stability of the electrocatalysts is also
investigated, by performing a 2 h chronoamperometry at — 0.55 V vs. RHE (Figure 3.2. S3). The
electrocatalyst synthesized in EtOH shows an increase in activity (Figure 3.2. S5) while the overall activity
is maintained in the low potential range (up to — 0.7 V vs. RHE) for the electrocatalysts synthesized in
DMF and EG.
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Figure 3.2. 3: Electrocatalytic activity for the CO2 reduction reaction (CO2RR) and hydrogen evolution

reaction (HER) of the G-CuNP electrocatalysts synthesized in (a)Ethylene glycol, (b) ethanol, (c) y-

Butyrolactone, (d) Dimethylformamide, (e) water. All the experiments were performed at 20 mV s-1, in

a 0.1 M phosphate buffer (pH = 7.5) saturated with N2 or CO2.

Energy efficiency is one of the major considerations for reducing CO, by electrochemical

methods. Thus, to further investigate the solvent effects, Faradaic efficiency of each rGO-CuNP

electrocatalyst and generated products as a result of CO; reduction are calculated. To determine the
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selectivity of each catalyst, gaseous and liquid products generated as a result of CO; reduction are
analyzed by gas chromatography (GC) and NMR to calculate the overall Faradaic efficiency for CO»
reduction. The products generated with the highest efficiencies are CO, formate, and H,. The efficiency
of rGO-CuNP electrocatalysis produced using DMF, EtOH, GBL, water and EG are generated roughly
similar products. The formation of high ratio CO could indicate either a lack of reactivity or that the
surface binds CO too strongly and prevents its further reaction to additionally reduced products,
poisoning the catalyst surface and favoring H, formation. The highest Faradaic efficiency of CO
generation, 28.4% is obtained with the rGO-CuNP synthesized in DMF (-1.38 V). Faradaic efficiency of CO
generation is ~ 15% for the rGO-CNP synthesized in EG and GBL while it is 20% and 22% for the rGO-CNP
synthesized in EtOH, and water respectively at the —1.38 V. The other generated product with the
highest efficiency is formate (HCOO-) with the ~ 19.5% efficiency at -1.38 V when DMF used as a
solvent. The faradic efficiency for HCOO- generation was ~ 17%, ~14.5%, ~15.3%, ~13.1% for the
electrocatalyst produced in EG, EtOH, water and GBL, respectively. The reduction of CO2 produces
multiple carbon-based products depending on the nature of the electrocatalyst. This process comprises
multiple proton/electron transfers in which a large number of intermediates and energy barriers are
involved. Here, the faradic efficiency is affected by surface area, the defect density, porosity, and size of
the rGO-CuNP since the highest faradic efficiency for both CO and HCOO- obtained with the
electrocatalyst synthesized in DMF that has the highest surface area, larger porosity, defect density of
rGO-CuNP with the smaller CuNP.
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Figure 3.2. 4: (a)Faradaic efficiency and (b) Production rate for the formate and CO generated with CO2
reduction reaction with the rGO-CuNP electrocatalyst manufactured in different solvents.

In terms of CO4R selectivity, there is a shift to formate and CO formation at the most cathodic
potential tested (-1.381 V vs. RHE) for all electrocatalysts. However, the production rate is varying
depending on the catalyst synthesized in a specific solvent that is most likely caused by differences in
the surface area, the interlayer spacing between rGO and the properties of the CuNP. Here, the
production rate of formate and CO is 41.4 nmol/S*cm2 and 56.5 nmol/S*cm2, respectively when using
an rGO-CuNP electrocatalyst fabricated in DMF solvent (Fig. 3.2. 4b). The production rate of formate is
30.5, 25.4, 16.5, 25.3 nmol/S*cm2 obtained by rGO-CuNP electrocatalyst synthesized in EG, EtOH, GBL
and water respectively. Furthermore, the production rate of CO is 27.3, 31.1, 19.2, and 36.5 nmol/S*cm?
obtained by rGO-CuNP electrocatalyst synthesized in EG, EtOH, GBL and water respectively. Here,
defects play the role on overall charge state of the electrocatalyst, thus increasing the density and
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activity of potential active sites, which accelerate the transfer of electrons and reduce the formation
energy of key intermediates. In addition, higher porosity and surface area is another critical factor for
reducing CO2 to low-hydrocarbon products. Such porosity and high surface area improve the adsorption
of CO; and intermediates on the surface of rGO-CuNP. The adsorbed CO and intermediates accept both
electrons and protons simultaneously and therefore, low-hydrocarbon products occur. In addition to
introducing defect sites and exposing reactive Cu facets, a short interparticle distance between Cu
nanoparticles has been shown to promote the re-adsorption of CO intermediates and their further
reduction to hydrocarbons. [77: %8 %9\We find only trace amounts of hydrocarbons which reaches a
maximum of ca. 1 nmol/S*cm2 of ethylene corresponding to a faradaic efficiency for ethylene of 5 %
using GBL solvent. The formation of high ratio CO could indicate either a lack of reactivity or that the
surface binds CO too strongly and prevents its further reaction to additionally reduced products,
poisoning the catalyst surface and favoring H, formation. "

Experimental section:

The rGO-CuNP catalysts were synthesized in different solvents using the hydrothermal method
as shown in Fig. 1. 0.4 g CuCl,-:2H,0 and 0.2 g graphene oxide (GO) with 10 pL Hydrazine hydrate (50—
60%) were dispersed in 5 ml water, ethanol (EtOH), ethylene glycol (EG), Dimethylformamide (DMF), y-
Butyrolactone (GBL) and placed in a 50 ml Teflon vial and autoclaved at 180 °C for 12 h. Then the rGO-
CuNP composite structures were freeze-dried and crushed into a powder. 4 uL of an ink composed of
6.28 mg of electrocatalyst, 1290 pL of MilliQ H,0 (R = 18.2 MQ), 43.1 pL of 5 wt.% Nafion (Sigma Aldrich)
& 667 uL of IPA was deposited onto a 2 mm diameter glassy carbon disc. The ink was dried in an oven at
40 °Cresulting in a 100 pg cm™2 catalyst loading on the glassy carbon electrode substrate.

LSV electrochemical experiments were performed in a 3-electrode cell, with an Ag/AgCl
reference electrode and a Pt wire as the counter electrode (at pH = 7.5). The experiments were
performed in a 0.1 M phosphate buffer solution (pH = 7.5) saturated with CO2. To assess their stability,
the activity for the CO,R was studied before and after t = 2 h of operation in a CO2-saturated electrolyte
at —1.215 V vs. RHE. Flow cell experiments were conducted in the same microfluidic flow cell used in
chapter 2 (2. S 12: Figure S12: Flow Cell Diagram.) in a three-electrode configuration vs. reversible
hydrogen electrode (RHE).

The chemical composition is measured by scanning electron microscopy (SEM) (FEI Quanta 200
FEG ESEM). X-ray diffraction (XRD) characterization was analyzed using the Bruker D8 Discover X-Ray
Diffractometer. Raman spectroscopy analysis was collected using a Horiba Raman spectrometer with a
532 nm wavelength laser. X-ray photoelectron spectroscopy (XPS) characterization was carried out using
Thermo Fisher K-Alpha + X-ray Photoelectron Spectrometer (XPS/UPS). Nitrogen adsorption—desorption
isotherms and pore size distributions of the aerogels were measured at 77 K in powder form by
Brunauer-Emmett-Teller (BET).
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Chapter 3: Supplementary Figures for Graphene-based catalyst for CO2 reduction
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Figure 3.3. 1: (a) Dynamic Light Scattering (DLS), (b) BET surface area and (bc) pore-size distribution of
rGO-CuNP in different solvents.
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Figure 3.3. 2: Raman spectra of rGO-CuNP synthesized in different solvents.
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Figure 3.3. 4: SEM and energy dispersive X-ray (EDAX) mapping of the electrocatalysts growth in (c)
EtOH, (d) DMF, and (e) EG after 2h electrocatalytic activity of CO2 reduction at — 0.55 V vs. RHE in a CO2
saturated 0.1 M phosphate buffer solution (pH = 7.5).
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Chapter 4: Steering Cu-based CO:R Electrocatalysts’ Selectivity by Hydroxyapatite (HAP) Doping

The doping of electrocatalysts for the enhancement of the CO.R is an attractive method to lower
the overpotential of key intermediate mechanistic steps in the process. The involvement of soluble
organic promoters to act as cocatalysts in the CO4R process branches away from strictly heterogeneous
electrocatalysis to involve homogeneous catalysis as well. Vasilyev et al categorized the involvement of
soluble organic promoters in the CO3R process into 3 categories: i.) redox shuttles which transfer
electrons from the electrode to CO; that are regenerable and hence serve as “real” electrocatalysts, ii.)
hydride transfer agents which may transfer hydrogen to adsorbed CO, to form hydrogenated products
(e.g., formate), iii.) ionic compounds which may coat the electrode surface and change the energy of key
reaction intermediates. *°?! An example of a redox shuttle mechanism is the double Schiff base N,N'-
bis(2-hydroxy-1-naphthaldehyde)-m-phenylenediimine (NMPD) where NMPD decreases the
overpotential for CO; reduction by ca. 700 mV for selective production of oxalic acid. [*°*! Inorganic
hydride transfer agents such as boranes and borohydrides may shuttle hydrides to bound CO, for
formate production. 1% 1% Fyrther, ionic compounds may be used such as tetraalkylammonium salts
which may adsorb to the electrode surface and change the energetics of key CO,R intermediates. %

There is a significant effect of Cu nanoparticle (NP) size on the resulting product selectivity as
DFT and experimental studies show. 1% 1% Cy NPs with size > 15 nm seem to be the most promising
metal-based catalyst for enhanced selectivity towards high added-value compounds. Regarding metal-
free catalysts, N-doped carbon structures with high surface area, controlled porosity, high conductivity
and high pyridinic and pyrrolic N content offer high CO;R activity. In addition, doping with materials
exhibiting marked Lewis basicity could further enhance catalytic activities through CO, activation. This
may occur by stabilizing CO; in a bent molecular configuration as breaking the CO; linearity usually
requires a high energy input.

In the view of combining the unique features of Cu-based and N-doped carbons catalysts,
commercial Cu NPs (@ = 25 nm) were supported on three-dimensional N-doped graphene nanosheets
(3D-GNS), synthesized by sacrificial support method. *°! The resulting Cu@3D-GNS should benefit from
(i) optimal dispersion and stabilization of Cu NPs onto the carbonaceous support (ii) enhanced CO2
adsorption capacity and (iii) partaking of both moieties of the composite (Cu and pyridinic/pyrrolic N-
sites) to the process. Moreover, due to the three-dimensional structure and controlled porosity of 3D-
GNS, the time of retention should be increased which should favor multiple ETs and C-C coupling
towards C,+ products.

Seeing as hydroxyapatite (HAP) is an amphoteric molecule, the doping of Cu-based catalysts
such as Cu@3D-GNS may lead to stabilization of various CO3R intermediates. The difficulty in applying
such a dopant is that HAP has poor electrical conductivity and hence is difficult to incorporate into an
electrocatalyst. Recent studies have shown HAP to be a successful dopant for photocatalytic CO;
reduction so we wondered if it could be applied for the electrocatalytic reduction of CO,. Chong et al
showed HAP decorated Pt/TiO; to be an efficient photocatalyst for CO,R. *%”! Additionally, Wang et al
showed enhanced photocatalytic reduction of CO, using Ti- and F-doped HAP for efficient CHa
production. %! |t was hypothesized that HAP may act as a CO, reservoir for enhancing the local

74



concentration of CO; in the vicinity of the active site. Additionally, it may reduce the overpotential for
CO; activation by stabilizing adsorbed CO; in a bent as opposed to linear configuration (Figure 1).
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Figure 3.4. 1: Proposed mechanism of stabilization of *OCOH

Herein, we find that the presence of HAP does not significantly suppress or enhance either the
HER or CO2RR. We demonstrate that an amphoteric calcium phosphate additive (Hydroxyapatite, HAP,
Cal0(P0O4)6(0H)2) alters the product distribution from Cu-based catalysts by steering CO2RR selectivity
towards liquid oxygenated products, promoting formate production over CO.

Several parameters such as nanoparticle sizel'® and shape*®® and thermal/synthetic history*1%
of Cu-based catalysts have been investigated, always aiming to enhance the efficiency of the process
and/or tune CO;RR selectivity. Furthermore, active phase/support interaction have been exploited to
boost Cu nanoparticle activity and selectivity towards specific products while improving conductivity and
preventing aggregation of the same nanoparticles. For example, Collins et al. reported that 25 nm Cu
nanoparticles were significantly more selective towards C2H4 when supported on single-wall carbon
nanotubes compared to electrodeposited Cu films (FE = 41% vs. = 19%, E = -2.2 V vs Ag/AgCl).[**!
Similarly, Sun et al. observed major increases in FEcona When supporting 7 nm Cu nanoparticles onto N-
doped graphene instead of carbon black (ca. 79% vs 6.3%, E = -1.1 V vs RHE)**?, while an outstanding
performance was delivered by Cu nanoparticles on N-doped carbon nanospikes, reaching a remarkable
FE =~ 63% towards ethanol at -1.2 V vs RHE.[**3! Both authors attributed such improved selectivity
towards C2+ products to the presence of N moieties in the support: besides tightly anchoring Cu
nanoparticles, these sites (Lewis bases) may behave as reservoir of CO,(ads) and *H species, facilitating
the overall process.

It is interesting to note that, despite the evidence that acid/base functional groups may
influence catalyst CO2RR selectivity by acting on surface stabilization of intermediates, the use of
acid/basic additives has rarely been investigated in this field. Recently, Xu et al. reported that the
presence of phosphate groups on the surface of electrodeposited Cu electrodes increases HCOO—

faradaic efficiency by a factor ca. 2.5 as compared to Cu foil. 1*4

Hydroxyapatite (HAP, Ca10(P0O4)6(0OH)2) is a calcium phosphate characterized by marked water
insolubility (Kps = 4.7-10-59,1*%)), thermal and chemical stability and peculiar surface properties. Indeed,
HAP possesses a highly functionalized and amphoteric surface 1% ¥} which in turn results in a particular
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affinity towards CO,.**& 1191 CO, (and eventually CO;RR intermediates) may indeed be stabilized onto
HAP acid and/or basic sites, coordinating to the surface accordingly.[**”! Such coordinative ability of HAP
is critical for directing the reaction pathway and determining the selectivity in CO2 reduction reaction, as
recently pointed out by Wai et al., who studied carbon dioxide methanation over nickel hydroxyapatite
catalysts.[*?% |n particular, in situ DRIFTS measurements at different temperatures proved that surface
hydroxyl (*OH) and oxide (*O) groups from HAP phosphates are directly involved in the interaction with
chemisorbed CO, to form hydrogen-carbonates (HCO3*), which then undergo further hydrogenation to
be transformed into bidentate formate specie (HCOO*).

Additionally, HAP Brgnsted acid sites (PO-H) could act as proton donors/acceptors, facilitating
the proton transfers required by the reaction. To date, no application of HAP in electrocatalytic CO,RR
has been reported, although a few papers have implemented it in catalytic and photocatalytic

applications. 107 108 120]

With the purpose of studying the effect introduced by acid/basic HAP functionalities on CO2RR
selectivity, we first designed and synthesized a catalyst composed by Cu nanoparticles (25 nm in size)
supported onto a 3D assembly of N-doped graphene nanosheets (3D-GNS, [1% 121) Secondly, admixing
with HAP has been performed and the differences in electrocatalytic performance analyzed.

The Cu-based and Cu-based HAP-admixed catalysts, hereinafter referred to as Cu/3D-GNS and
Cu+HAP/3D-GNS respectively, has been synthesized starting from the individual materials and following
a stepwise procedure aimed to guarantee the maximum dispersion of both Cu and HAP nanoparticles
(NPs) onto 3D-GNS. Obtained electrocatalysts exhibited 20 wt.% Cu and 10 wt.% HAP loading by design
(molar Cu to HAP ratio equal to ca. 30). The detailed synthetic route can be found in the Supporting
Information.

The pristine support (3D-GNS) and both catalysts have been structurally and morphologically
characterized by means of N2 adsorption/desorption isotherms, STEM/EDX and XPS. Figure 2 reports
the main outcomes of Cu+HAP/3D-GNS characterization while additional data are available in the
Supporting Information (Figures S1 to S4 and Table 1), together with the experimental and instrumental
details.
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Figure 3.4. 2: Cu+HAP/3D-GNS characterization: N2 adsorption/desorption isotherm (a), STEM images
(b) with correlated STEM/EDX elemental maps (c), and high-resolution XPS spectra of Cu 2p region (d).

Overall, the structural and morphological features of the support are retained upon both
immobilization of the active phase (Cu NPs) and of the additive (HAP). All samples exhibit type IV N2
ads/des isotherms with H2 type hysteresis loop (Figure 2a and Figure S1), which identifies them as
strictly mesoporous materials, as further confirmed by their pore size distribution (Figure S1). However,
a decrease in both surface area (SA) and pore volume (Vpore) is registered upon Cu NPs immobilization
(Table 1), possibly caused by a partial pore obstruction by Cu NPs, which size matches that exhibited by
3D-GNS pores (Figure S1 and referencel*?Y).



SA® Vpore® Elemental composition (at.%)

Sample
mig?  omig? C1ls O1ls M1ls Cu2p CaZp P2s°
3D-GNS 209.17 0.214 95.97 2.98 1.25 - - -
Cu/3D-GNS 168.82 0,188 92.71 5.81 1.21 0.27 - -

Cu+HAP/3D-GNS  130.74 0.187 75.20 13.52 0.57 0.27 6.46 3.99

2 Colculated by linear (2-parameters) BET equation.
b P calculoted occording to Ny — DFT Model

¢ P guantificotion was performed on P 25 peak and not on P 2p one as ta avoid integrotion errors coused by the overlopping of P
2p and Cu 35 contributions.

Table 8: 1: Structural/Morphological and Surface Compositional Features Obtained by Means of N2
Adsorption/Desorption and XPS on the Pristine 3D-GNS Support and Both Catalysts.

STEM images (Figure 2b, Figure S2) confirm that the three-dimensional open pore structure of
3D-GNS is preserved in both catalysts, guaranteeing optimal mass diffusion of reactants and products
under reaction conditions. Focusing on the Cu/3D-GNS catalyst (Figure S2), STEM images display both
large Cu aggregates and small, finely dispersed Cu NPs. If the presence of large deposits may be ascribed
to partial aggregation, the detection of Cu NPs with size < 25 nm may be due to a poor distribution of
the commercial nanoparticles themselves. The successful admixing with HAP in Cu+HAP/3D-GNS
samples is confirmed by the observation of HAP platelets all over the surface of the support (Figure S2),
although for STEM images it is impossible to assess their close contact with Cu NPs. However, EDX maps
display an effective overlap between Ca and P (i.e. HAP) and Cu signals (Figure 3c), thus indicating that a
cooperation between the active phase and the acid/basic moieties of HAP may be expected.
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Figure 3.4. 3: Nyquist plots (a), linear sweep voltammetry (b), Faradaic efficiencies (bottom: Cu/3D-GNS;
top: Cu+HAP/3D-GNS) (c), and formate-to-CO Faradaic efficiency ratios (d) of Cu/3D-GNS and
Cu+HAP/3D-GNS catalysts.

XPS surveys of both pristine support and catalysts (Figure S3) provided an overview of the
functional groups and surface atomic concentration at the surface; the related quantitative elemental
analysis results are reported in Table 1. Each sample displays the typical contributions of its constitutive
elements, namely carbon (C 1s, ca. 285 eV), oxygen (O 1s, ca. 533 eV) and nitrogen (N 1s, ca. 400 eV) for
pristine 3D-GNS; additional copper (Cu 2p3/2, ca. 930 and Cu 2p1/2, ca. 960 eV) for Cu/3D-GNS;
additional calcium (Ca 2p, ca. 350 eV and Ca 2s, ca. 440 eV) and phosphorus (P 2p at ca. 140 eV and P 2s
at ca. 195 eV) for Cu+HAP/3D-GNS. Interestingly, at. % of Ca and P in Cu+HAP/3D-GNS are adherent to
the effective HAP wt.% loading and their atomic ratio (ca. 1.62 against the stoichiometric 1.67) confirms
no other calcium phosphate phases were formed upon admixing. Quantitative results obtained for
pristine 3D-GNS are consistent with literature. *?? Likewise, deconvolution of high-resolution XPS
spectra of C 1s and N 1s (Figure S4) revealed the predominant graphitic (sp2 C, ca. 36% of total C) and
pyridinic (ca. 31% of total N) nature of 3D-GNS structure and structural moieties, respectively (Table S1).

Regarding the Cu surface atomic concentration, the values detected in Cu/3D-GNS and
Cu+HAP/3D-GNS (Table 1) are ca. 10 times lower than expected by design. Possible explanations of such
results could be: (i) the combination of 3D-GNS extended porous structure and moderate Cu loading,
which may lead to the confinement of Cu NPs in the pores of the support; (ii) Cu NP partial aggregation
and/or inhomogeneous dispersion; (iii) the fact that XPS, as a surface technique, yields an at.%
guantification which may not be relatable to the volume ratio of the sample constitutive elements,
especially for composite materials. The analysis of the Cu 2p3/2 region for both Cu/3D-GNS and
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Cu+HAP/3D-GNS (Figure 1d) revealed the presence of modest amount of Cu species in low oxidation
states (metallic copper or Cu(l), at 932.5 eV, Table S2). In any case, the HR spectra were dominated by
the peaks related to Cu(ll) species, namely CuO (933.8 eV, Table S2), Cu(OH)2 (935.1 eV, Table S2) and
the related Cu(ll) shake peaks (942-948 eV, Table S2). An additional component in the region between
936-938 eV was present exclusively in Cu+HAP/3D-GNS sample. This component might be ascribed to
electron-poor Cu(ll) species surrounded by electronegative groups, that in this specific case might be
associated with hydroxyl and phosphate surface groups of HAP.

After characterization, inks were made from catalyst powders and gas diffusion electrodes
(GDEs) were fabricated by drop-casting. Such GDEs have been tested as cathodes in a lab-scale
microfluidic CO2 electrolyzer (i.e., electrochemical flow-cell, Figure S5). All the experimental details,
from GDEs fabrication to electrochemical testing and products analyses, are available in the Supporting
Information. Nyquist plots (Figure 3a) reveal a low uncompensated resistance of the cell. For both
Cu/3D-GNS and Cu+HAP/3D-GNS GDEs, a similar Rt indicates that the presence of HAP, a ceramic and
thus insulating compound, does not impact on the electron transfer ability of the catalytic system.

Linear scan voltammetry (LSV) curves of both catalysts have been collected, feeding the cell
either with N, (0.1 M PBS) or CO; (0.175 M KHCOs) (Figure 3b), as to evaluate the magnitude of CO;RR
versus HER on the catalysts. For both Cu/3D-GNS and Cu+HAP/3D-GNS samples, a net increase of the
current densities delivered at potentials lower than -0.6 V vs RHE is observed when switching from N, to
CO, feeding. This confirms that, despite the unavoidable presence of parasitic HER, the catalysts exhibit
CO4RR activity. Admixing with HAP results in a slight increase of the delivered current densities under
both N, and CO, feeding. Such result suggests that HAP basic moieties (i.e. surface hydroxyl *OH and
oxide *O groups from phosphates!**”)) might be able to foster both HER and CO2RR, acting as a
reservoir/supplier of protons or CO2 molecules to the vicinal Cu NPs. However, as the ratio of the
current densities delivered under different gas feeding is similar for both catalysts, HAP does not
suppress and/or enhance neither HER nor CO,RR. From these considerations, only an effect on the
CO4RR product distribution may be observed by HAP admixing.

As to shed light on the product distribution yielded by the catalysts, 30 minutes long
chronoamperometric (CA) test, coupled with ex-situ determination and quantification of the reaction
products, have been carried out (sample GC traces and 1H-NMR spectra available in the Supporting
Information, Figure S6 and S7). The product distribution of Cu/3D-GNS and Cu+HAP/3D-GNS is reported
in Figure 2c while numerical data are available in the Supporting Information (Table S3).

The relative HER and CO2RR faradaic efficiencies, plotted in Figure S8, are consistent with the
LSV data, showing a predominance of HER at potentials less cathodic than -1.0 V vs RHE. Moving
towards more cathodic potentials (more negative than -1.0 V vs RHE), a ca. 50% FEcozse is reached by
both catalysts, with slightly higher values for Cu+HAP/3D-GNS. Going into the details of CO,RR
selectivity, the main product for both catalysts is formate (Figure 3c), followed by CO and traces of
methane and ethylene (Figure S9). Focusing at first on the Cu/3D-GNS product distribution, the low FE in
ethylene, normally detected in higher amounts on large size Cu NPs, might be related to the use of 0.5
M KHCOs as electrolyte. Indeed, the CO* coupling that leads to the ethylene production pathway is
favored under strongly alkaline conditions. 123! The buffering ability of concentrated KHCOs, together
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with the moderate current densities achieved during the test (limiting the alkalinization at the
catalyst/electrolyte interphase ?%), probably concur in steering the CO3RR process selectivity towards
C1 products. On the other hand, the predominance of formate over CO and methane could be ascribed

to the preferential stabilization of formate intermediates by the 3D-GNS moieties of the support. [12°!

Admixing with HAP does not significantly alter the competition between CO,RR and the parasitic
HER (Figure 3c, Figure S8 and S10), as expected from LSVs. At first sight the admixing with HAP seems
not to alter the product distribution either, but by calculating the ratio of formate to CO faradaic
efficiencies, the effect of HAP itself on the CO2RR reaction pathways (Figure 3d) is revealed. Indeed, the
formate to CO FE ratio of Cu+HAP/3D-GNS is shifted to higher values, indicating HAP is able to steer the
selectivity towards formate (Figure 3d). This observation agrees with that observed by Xu et al. and Wai
et al., respectively, for the electrochemical CO2RR on phosphate decorated Cu electrodes and the

carbon dioxide methanation over nickel hydroxyapatite catalysts. (% 12°!

Running longer CA tests (up to 120 minutes) and monitoring the product distribution over time
shows that both catalysts exhibit stable performance and invariant selectivity as well (Figure S11).
Noticeably, throughout the whole extended reaction time, the formate to CO FE ratio remains higher for
the HAP admixed catalyst (Figure S12). It is worth noting that XPS characterization of used catalysts
confirmed the stability of these systems, whose surface Cu content was almost the same (at.% ca. 0.3 %)
before and after testing. The decomposition of HR spectra revealed just slight differences in the relative
distribution of copper species with an increase of Cu(0) and Cu(l) compared to Cu(ll) observed for the
HAP admixed catalyst in the post-electrolysis sample. Although usually used for samples with a lower
proportion of Cu(ll), the Cu LMM peak may be used to qualitatively assess the ratio of Cu(0) to Cu(l) with
the Cu/3D-GNS sample showing primarily Cu(0) and the Cu+HAP/3D-GNS sample showing a mixed
proportion of Cu(0) and Cu(l) species (Table S2 Figure S13 and S14).

A tentative mechanism of CO, reduction on Cu+HAP/3D-GNS is proposed in Figure 4. Based on
the few reports available in literature about the effect of phosphate groups on CO; reduction
mechanisms?%, it might be presumed that phosphate groups themselves promote the formation of a
H.ds species, supplying a proton to Cu NPs upon the first electron transfer. Then, this Hags might follow
the typical parasitic HER route to form H; or favor the formation of a HCOO.qs species, resulting in the
formation of a formate ion upon the second electron transfer. Although the suppression of CO
production in the presence of HAP could be explained by this tentative mechanism, other effects of HAP
acid/basic moieties (e.g., preferential stabilization of formate intermediates through acid-base
interactions between oxygen atoms and Ca2+ acidic sites) on the CO;RR pathway cannot be ruled out.
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Figure 3.4. 4: Proposed mechanism for HCOO—- boosted production on the HAP-admixed catalyst.

Overall, the present study indicates that the admixing of Cu-based catalysts with acid/basic
additives may be a powerful strategy to bypass linear scaling relationships, which critically impact on
catalysts selectivity, hampering their industrial implementation. Acid/basic moieties may indeed help in
steering the CO3RR selectivity towards specific products (in this case, formate) by means of the
preferential stabilization of defined reaction intermediates. Further studies, from DFT simulations to in-
situ spectroelectrochemical studies, will be aimed at disclosing the CO, to formate reaction pathway
onto HAP admixed catalysts. With the present communication, the authors hope to stimulate further
research on the effect of different acid/base (and oxo- and/or carbophilic) surface groups on CO,RR
catalysts’ product selectivity, possibly paving the way to more efficient and selective electrocatalysts.

Chapter 5: Supporting Information for Steering Cu-based CO:R Electrocatalysts’
Selectivity by HAP Doping

Catalysts preparation
Synthesis of 3D-GNS support

Three-dimensional assemblies of graphene nanosheets (3D-GNS) have been synthesized
according to the patented Sacrificial Support Method (SSM).1*%®! Briefly, graphene oxide (obtained
following a modified Hummers method 1) was exfoliated by ultrasonication (600 kJ delivered energy,
10 gGO L-1MilliQ H20 for 2 hours). Then, 20 g of EH-5 fumed silica (Cab-0-Sil, SA = 400 m2 g-1) were
added to the mixture and the suspension sonicated for 1 hour; the resulting solution was dried at 85°C
overnight. Dry powders were ball-milled (400 RPM, 15 minutes) and then underwent a reduction
treatment (800°C under a 100 sccm flow of 7% H2 in Ar flux, 1 hour). The obtained sample, now
constituted by a graphene nanosheets-silica mixture (GNS-Si02), was once again ball-milled according to
the above-described procedure. Acidic etching with 25 wt.% HF (24 hours long) was subsequently
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performed to leach the SiO; support. The leached sample was filtered and repeatedly washed with
MilliQ water until reaching the neutrality of the wash water. Powders were then dried again at 85°C,
overnight. Finally, the nitrogen doping of the carbonaceous structure was performed by treating the
powders in presence of ammonia (850°C under a 100 sccm flow of 10% NH3 in Ar, 2 hours). Such
obtained 3D-GNS powders have been stocked and used as support for both catalysts.

Synthesis of HAP NPs

HAP NPs were synthesized according the a co-precipitation route reported in literature [, with
slight modifications. Briefly, 100 mL of a 0.400 M (NH4)2HPO4 solution (> 98.0%, Sigma-Aldrich)) were
placed in a three-necked round flask equipped with a mechanical stirrer. Solution pH was adjusted to ca.
9.7 (£ 0.2) adding ca. 10 mL of a 28-30 wt. % NH4OH solution (Fluka). Then, under vigorous agitation
(200 RPM), 100 mL of a 0.668 M Ca(N03)2:4H20 solution (> 99.0%, Merck ACS) were added dropwise
(1.65 mL min-1) at RT. Periodic additions of base were performed as to maintain a constant pH = 9.7.

Upon completion of the addition, the suspension was stirred for 5 minutes and then filtered. The
obtained HAP was washed with MilliQ water up to the neutrality of washing water, then dried for 16 h
at 50°C under vacuum and thermally treated for 8 h at 120°C under air.

Cu NPs supporting and HAP admixing of 3D-GNS

The two-step immobilization procedure of Cu and HAP NPs onto 3D-GNS exploited the different
pHpzc of the individual components. Preparation of the Cu/3D-GNS catalyst: ca. 85 mg of 3D-GNS were
dispersed in ca. 40 mL of isopropyl alcohol and the pH adjusted to 10 by the addition of 0.7 mL ofa 0.1
M KOH aqueous solution. Separately, same procedure was applied to ca. 24 mg of commercial Cu NP
(Sigma-Aldrich, CAS 7440-50-8, size = 25 nm). Both mixtures were sonicated for 30 minutes as to achieve
optimal suspension. Then, Cu NPs suspension was added the 3D-GNS one and the resulting mixture was
stirred at RT for 48 hours. The slurry was filtered on a 0.45 um Nylon membrane, washed with MilliQ
water and dried at 110°C for 45 minutes, thus obtaining the Cu-based Cu/3D-GNS catalyst. Preparation
of the admixed Cu+HAP/3D-GNS catalyst: ca. 100 mg of Cu/3D-GNS were suspended in ca. 90 mL of
MilliQ water and the pH adjusted to 7 adding 42 mL of a 0.1 M KOH aqueous solution. Separately, HAP
NPs were suspended in ca. 20 mL of MilliQ water and the pH adjusted at 7 by adding 15 mLofa 0.1 M
KOH solution. Both mixtures were sonicated for 45 minutes as to achieve optimal suspension. HAP
suspension was then added to the Cu/3D-GNS one and the resulting mixture was stirred at RT for 48
hours. The slurry was filtered and rinsed with MilliQ water as described above. The final drying at 110°C
for 3 hours yielded the Cu-based HAP-admixed Cu+HAP/3D-GNS catalyst.

Structural and morphological characterization

N2 adsorption/desorption isotherms: analyses have been performed using a Micromeritics 3Flex
Analyzer. Low-pressure part of the adsorption branch of the isotherm has been linearized according to
the linear 2-parameter BET equation (0.01 < p/p0 < 0.35) whilst the desorption branch has been
interpreted by N2 — DFT model, as to determine specific surface area (Sa) and pore size distribution
(PSD), respectively. STEM/EDX imaging: Aberration-corrected scanning transmission electron
microscopy (AC-STEM) characterization was carried out by means of a JEOL Grand ARM300F equipped
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with two spherical aberration correctors and an EDX probe. Operative voltage was set at 300 kV. XPS:
measurements were carried out using an AXIS Supra instrument (Kratos Analytical), equipped with a
dual anode Al/Ag monochromatic X-ray source. Data treatment, peak deconvolution and integration
where performed using CasaXPS software. In particular, peak deconvolution and assignment of specific
contributions in the N 1s and C 1s regions was performed following ad-hoc optimized procedures
reported in literature 22,

Electrocatalytic setup and testing
GDEs fabrication

GDEs were obtained drop-casting catalyst inks on 1.5x1.5 cm Sigracet BC29 carbon paper gas
diffusion layers supported by hot pressing (100°C, applied pressure ca. 6-7 tons m-2, 10 minutes) onto a
STERLITECH laminated PTFE 1.0 um pore size membrane filter. Electrocatalyst inks were prepared mixing
precise amounts of catalyst, Cu/3D-GNS or Cu+HAP/3D-GNS for the cathode and commercial Pt/C (20
wt.% Pt on C, Sigma-Aldrich) for the anode, with a Nafion solution (5 wt.% solution in lower alcohols,
Sigma-Aldrich) in isopropyl alcohol. The Nafion/C content of catalyst ratio of the cathode’s ink was ca.
0.3. The mixtures were then sonicated for ca. 30 minutes before being drop-casted onto the GDLs.
Electrode loadings by design were ca. 0.4 mg Cu cm and 5.00 mg Pt/C cm™ for cathode and anode,
respectively.

Flow-cell assembly and operational parameters

An exploded view of the electrochemical microfluidic flow-cell used in this study is reported in
Figure S5a along with the full experimental setup (Figure S5b). The flow-cell was assembled with fresh
anode and cathode for each experiment; electric leads were provided by copper tape. In a typical
experiment, 35 mL of a 0.5 KHCO3 (> 99.7%, Sigma-Aldrich) aqueous solution (pH ca. 8.1), used as
electrolyte, was continuously flowed through the central compartment of the cell by means of a
Masterflex L/S® peristaltic pump (flowrate of ca. 1 mL min!). The reference electrode (Ag/AgCl) was
placed in the 50 mL beaker used as electrolyte reservoir during the tests (Figure S5b). CO2 (99.99% pure,
Matheson) was feed to the cathode GDE through the gas chamber at a constant flowrate of 10.00 sccm
by means of an Alicat MC series mass flowmeter. The mixture of unreacted CO; and gaseous products
leaving the cell continuously purged the sampling vial. Both liquid and gas phase samples were collected
at the end of each chronoamperometric run and tested according to the procedures reported in the
dedicated paragraph.

Electrochemical testing

Electrochemical tests were carried out using a BioLogic model VSP300 potentiostat connected to
the EC Lab software interface. Before testing CO2RR performances, each cathode underwent
conditioning by means of cyclic voltammetry (CV) in the potential range from 0V to— 1.4 V vs RHE at
Vscan = 50 mV s-1 until stable voltametric behavior was achieved.
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Potentiostatic electrochemical impedance spectroscopy (PEIS) was applied for the determination of the
cell uncompensated resistance (Ru), collecting data in the range between 200 kHz and 100 mHz, at -0.5
V vs RHE; PEIS have been fitted according to a R1(R2Q2) model circuit, as reported in Figure 2a.

CO3RR versus HER onset competition have been determined by means of linear scanning voltammetry
(LSV, from 0V to— 1.2 V vs RHE at vscan = 1 mV s-1), respectively feeding the cell with pure CO,
(electrolyte: 0.175 M KHCOs) and N; (electrolyte: 0.1 M PBS). The increased concentration of KHCO3; was
utilized so that the electrolyte ionic conductivity was constant (ca. 1560 mS/m, Surpass 3 electrokinetic
analyzer conductivity probe) while the choice of PBS as electrolyte for N2-fed LSVs was dictated by the
necessity to completely rule out any CO2RR activity of the catalyst. Finally, 30 to 120 minutes long
chronoamperometric (CA) scans have been performed in the potential range from -0.2Vto— 1.4V vs
RHE as to evaluate the delivered current density (i.e., reaction rate) and product distribution.

Coupling the electrochemical information obtained from CA tests with products quantification
by GC-TCD and 1H-NMR (see the following paragraph), faradaic efficiency towards detected products
was calculated according to the following formula:

EE _ QPr'Da’ _ﬂ xF x mDEPrcrducr
Product — -
QTcrt -'|T'1"at xt

, Where Qprod and Qo are the quantity of charge (measured in Coulombs, C) stocked in the product of
interest and totally exchanged by the catalytic system, respectively. Qproq Was calculated as the product
of the number of electrons (moles) required for the generation of 1 mole of product (n) times the
Faraday constant (F) times the quantity of the product itself (molproquct, measured in moles). Qrot Was
instead calculated as the product of the total current exchanged by the system (I, measured in A) times
the time of cathodic potential application in the CA scan (t, measured in seconds).

From a sake of clarity and comparison with literature, applied potential has been converted in E
vs RHE and corrected by the ohmic drop using the following formula:

ErtE—1r compensated = Eagjager + 0197V + 0.059 x pH — IR,

, Where all potentials are reported are in V, | is the current (< 0 since cathodic) delivered by the system
under the applied potential in A and R, is the uncompensated resistance (determined by PEIS) in Q.

Analysis of CO,RR products

Gas phase products have been identified and quantified by GC/TCD using an Agilent 7890 gas
chromatograph equipped with a 19095P-MS6 HP Molsieve Column (@ = 530 um length = 30m). Different
gas carriers, oven temperatures and flowrates have been used for the determination of different gas
phase products. H; has been separated by the columns at 40°C using N; as gas carrier (flowrate = 27.7
mL min-1) while CO, CH4 and C2H4 separation method involved the same parameters but He as carrier
(flowrate = 57.7 mL min-1).
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Liquid phase products were detected and quantified by 1H NMR, applying the internal standard
method. Briefly, 0.1 mL of D20 and 0.1 mL of 6 mM DSS (2,2-Dimethyl-2-silapentane-5-sulfonate,
internal standard) were added to 0.5 mL of the sample in an NMR tube. 1H NMR spectra of the samples
were then acquired using a Bruker CRYO500 MHz NMR spectrometer with a 6 sec pre-scan delay, an
acquisition time of 106 s for a total number of 16 scans. The free induction decays (FIDs) were weighted
by a 90-degree phase-shifted sine-bell function before Fourier transformation. The signal of water,
standing around at 4.78 ppm, have been systematically suppressed using pulsed field gradients method.
NMR peaks have been assigned to each CO2RR product by comparison with NMR spectra collected on
standard solution and in according to literature 27!, Quantitative evaluation of products has been
carried out using the internal standard method and the peak area ratio. The applied formula was:

, Where C is the molar concentration of the product of interest, A the peak area and N the multiplicity
associated with the peak, with subscripts x and Cal indicating the product of interest and the internal
standard (DSS), respectively. The DSS peak selected for the formula application was the singlet
positioned at chemical shift 0 ppm, with multiplicity (Nca) equal to 9.

Supporting Figures

86



3D-GNS

Cu/3D-GNS

Cu+HAP/3D-GNS

400 —o—Ads 4001 —e—Ads 4001 —e—Ads
—o—Des —-—Des —o—Des
. 3004 _ 3004
‘o ‘©
- -
£ ! 13
S 200 oo S 200
8 50000-00000% 8
> / o >
100+ | yeee®®® 100
mao'
o< uocwww SOV 1000092
ooty .“Ug‘;uccv“ #9000
0 0 0
00 02 04 06 08 10 0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0
b) pip° pip° pip°
0.008 0.010
0.008 - o
5 . -
e - .
2 0.008 4 48 o7
0.006+ 7 5
e S 0.006 - o
= . = - e
&. . . &- 0.006 4 @ ] 3%
0.004 4 ¥ R? = 0.9994 3 77
%— - % >~ R?=0.9987 0.004 1 . R? = 0.9992
<A o2 $.0.004 1 0 [
= % o . -
o e’ . o
' x4 00024 §2d o002 2
~ L .
é ‘ ‘
0.000 ' v 1 . : 0,000 v . v - 0.000 . v . :
000 005 010 015 020 025 030 035 000 005 010 015 020 025 030 035 000 005 010 015 020 025 030 035
pip° pip° pip°
~0010 030 0,001 025 ~0008 025
o o ‘o
P P P
Sooos o2e. o |48 020 ~ § 020 ~
Y o o 0006 b, o @ 008 o
13 0207, = b € £
2 0005 5 2 {o1s § 2 015 §
> 018 = z s 2 0008 s
§ % £ g g =
S o004 [ T & jo10§ S 010 B
3 010 35 s =] = 2
8 0002 | 3 § 00024 | Joos § 0" 0os 3
3 } 005 E 13
o o o
3 | r S S
£ 0.000 Ll } \——000 £ 0.000 - Lo £ 0.000 — ' . 000
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45

Pore Width (nm)

Pore Width (nm)

Pore Width (nm)

Figure 3.5. 1: Results of N2 adsorption/desorption analyses on the pristine 3D-GNS support and both
catalysts. Adsorption/desorption isotherms (a), 2-parameters BET linearization (b) and pore size
distribution according to the N2 — DFT model (c).
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Figure 3.5. 2: Dark and bright field STEM images of the pristine support (3D-GNS) and of Cu/3D-GNS and

Cu+HAP/3D-GNS catalysts at different magnification
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Figure 3.5. 3: XPS surveys registered on pristine 3D-GNS and both catalysts.
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Figure 3.5. 4: High-Resolution XPS spectra of N 1s (left) and C 1s (right) regions, collected on the pristine
3D-GNS support.

Cathode
woco.. I —
e
Anode o
e _
Window

b)

— L. line (electrolyte)
— Gosline
-« Electricol connections

A Electrochemicol cell
B Peristaitic pump

€ Reservoir

D O, cylinder

E Mass flowmeter

F Collecting vial

W~

Cathode

Figure 3.5. 5: Exploded view of the electrochemical flow-cell and b) complete flowsheet of the
electrochemical system used to perform CO2RR tests.

89



TCOZ A, From Soral INURENT _ATARASSOVIRZE WMICHELE_52_T21.CO_FOTI0]
ET K

TEOT A Frort Sgres AR TALI T VA D)
B
20004
1500 4
1000
B
800 a
AN g
£ p Jf'\'
o — ,_.Jn\_,.
H 3 H H H H H @
T B, ok g (CADRERT AT, AL (VoL 207
L -
&
3000 -
2500
&
o

o 05 ors 1 1 15

TCBT X, Frod S (CAORERT RCHELE_S7_TT R POTa )

08 H 15 2 28 3 as Ll 45
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Figure 3.5. 7: Sample 1H-NMR spectrum of a formate calibration solution (ca. 0.6 mM) in aqueous 0.5 M
KHCO3. Peaks at 0, 0.65, 1.75 and 2.90 ppm are assigned to the DSS internal standard. Peak at ca. 4.78
ppm is instead ascribed to water. Formate peak (ca. 8.45 ppm) is magnified in the inset.
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Figure 3.5. 8: HER versus CO2RR total faradaic efficiencies as determined from 30 minutes long
chronoamperometric tests on the investigated catalysts.
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Figure 3.5. 9: Faradaic efficiencies of minor CO2RR products as determined from 30 minutes long
chronoamperometric tests on the investigated catalysts.
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chronoamperometric tests on the investigated catalysts
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Figure 3.5. 12: Formate to CO FE ratio versus time as determined from 120 minutes long
chronoamperometric scans (E = -0.5 V vs RHE) for the investigated catalysts
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Figure 3.5. 13: Comparison of the high resolution XPS spectra, collected in the Cu 2p region for both
catalysts, before and after 120 minutes long CA scans (E = -0.5 V vs RHE)

Cu/3D-GNS Cu+HAP/3D-GNS
5 3
8 8
0 .
908 910 915 920 925 908 910 915 920 925

Kinetic Energy (eV) Kinetic Energy (eV)

Figure 3.5. 14: Comparison of the high resolution XPS Cu LsM4sM, s for both catalysts after 120 minutes
long CA scans (E =-0.5 V vs RHE).
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Figure 3.5. 15: Cu/3D-GNS Cu LsM45M4 s Peak deconvolution.
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Figure 3.5. 16: Cu+HAP/3D-GNS Cu LsM4sMy s Peak deconvolution.

95



List of Tables

at.% contributions (3D-GNS)

N pyr Namine  N-pyrrol  Graphitic N/N* Bulk NH NO
N 1s 31.21 23.15 16.33 13.47 5.85 10.02
(398.0eV)  (399.4eV) (400.8eV) (401.7 eV) (402.8 eV) (403.9 - 405.5 V)
Graphitic C sp*C c-N c-0 c=0 COOH C Shake
Cls 35.72 31.98 10.45 5.43 4.28 5.47 6.69
(284.4ev)  (28B4.8ev) (286.0eV] (287.0 eV) (288.1eV) (289.6eV) (291.3-293.0eV)

Table 9: S1: Contribution of different N-moieties and different C bonding obtained from deconvolution
of the High-Resolution N 1s and C 1s spectra of 3D-GNS reported in Figure S4.

Cu(ll) in an electron-

cv T;) or CuD Cu(OH); po_or local S%E:e”l 5%(!]2
environment

Cu/3D-GNS 932.5 933.8 935.1 942 944.6
Before test (15.4%) (6.8%) (48.2%) i (19.9%) (9.7%)
Cu/3D-GNS 932.5 933.9 935.1 936.8 541 943.9
After test (15.7%)  (13.2%) (20.5%) (16.4%) (15.9%) (128.1%)
Cu+HAP/3D-GNS 932.4 933.8 934.9 935.8-938.5 945 947.8
Before test (3.7%) (7.8%) (5.6%) (61.6%) (12.4%) (8.9%)
Cu+HAPR/3D-GNS 932.6 933.8 934.9 935.8-936.8 941 944.3
After test (7.9%) (5.3%) (5.8%) (34%) (17.7%) (21.3%)

Table 10: S2: XPS data of the Cu 2p region of fresh and used electrocatalysts.

E vs RHE (IR corrected) FE,2 FEco FECy2 FEcane FEqcoo-
v % % % % %
-0.213 546 #3287 151 +B7 04 +0.6 0.3 +03 256 +238
-0.513 75.2 74 158 +61 01 +0.1 0.2 001 B87 +54
-0.813 749 #1153 97 +30 003 005 004 £003 153 #115
-1.13 582 #1111 10% 50 0 - 006 #0001 258 +499
-1.313 545 +105 134 72 0 - 007 001 320 +34
E vs RHE (IR corrected) FEu2 FE:o FECi FEcana FEjcoo-
W % % % % %
-0.213 450 267 143 191 0.09 0.1 0.08 %005 356 %352
-0.513 788 117 104 +48 01 +0.2 01 003 106 71
-0.813 70.4 £53 7.0 +36 004 +005 004 003 224 =*17
-1.13 523 +54 9.9 +21 001 #0008 006 002 377 +39
-1.313 53.8 48 10.2 #14 005 *0.04 01 006 358 38

Table 11: S3: Faradaic efficiency registered on Cu/3D-GNS (upper table) and Cu+HAP/3D-GNS (lower
table), as determined from 30 minutes long chronoamperometric tests.
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Section 4: Novel synthesis method for M-N-C Catalysts by dynamic template removal

Chapter 1: Acid-free process intensification for the synthesis of non-precious metal-nitrogen-carbon
electrocatalysts for oxygen reduction reaction

While the focus of the bulk of this dissertation has been on the development of non-PGM,
specifically carbon-based metal-nitrogen-carbon catalysts, for CO, reduction reaction, the catalysts
developed in this section also show promise for application in oxygen reduction reaction (ORR). The
utilization of non-PGM based catalysts for ORR is at a much later stage of development than for CO2R as
the impetus towards their development have been larger. For example, as mentioned previously, the
company Pajarito Powder, has developed the SSM to produce carbon-based catalysts for ORR
application in fuel cells either as direct catalysts or as active catalyst supports. *?¥! The need to move
away from Pt-based materials for fuel cell catalysts has a wide impetus in moving towards sustainable
MEA production for economical fuel-cell electric vehicles. To illustrate the advancement in non-PGM
based electrocatalyst research for application in fuel cells, DAIHATSU has developed the first non-PGM
direct hydrazine fuel cell system which powers a 100% Pt-free zero-emission vehicle based on NiZn
catalysts from Serov and Atanassov et al. [*?*! The catalysts utilized in this system are also industrially
scalable as they are produced from mechanochemical instead of solvothermal mixing. For the same
reason, the novel synthesis method presented herein avoids the use of harsh solvents and achieves an
extremely active and stable ORR M-N-C catalyst. This chapter is devoted to the application of the novel
M-N-C catalysts for ORR, while chapter 2 delves into greater detail into the mechanism for their
formation, as well as their application for CO,R.

The cathodic electrochemical reaction, oxygen reduction reaction (ORR), is sluggish and the state
of the art electrocatalyst that is required, platinum ™39, is expensive, scarce, and characterized by price
volatility 3!, The ORR mechanism in aqueous solutions involves several elementary steps and can occur
through a direct four-electron pathway (4e” transfer) with reduction of O, to H,O or through a two-
electron pathway (2e" transfer) with formation of H,0,. Hydrogen peroxide can be further reduced leading
to the flow of two additional electrons (2x2e transfer) 32, The direct total reduction is more efficient and
does not involve the production of H,0,, which is a reactive and corrosive compound that can have a
negative impact on electrocatalyst durability ™33, Non-precious transition metal-nitrogen-carbon
electrocatalysts are the most promising alternative to platinum-based catalysts for ORR. Carbon has the
purpose of conducting electrons and to provide a high surface area porous structure with increased
reactant/product transport. The transition metal, present as a single atom defect site in a layer of graphitic
carbon (or at the edge of or bridging two graphitic sheets), is considered to be the dominant active site.
Nitrogen is able to coordinate the transition metal atom and link it to the carbonaceous structure, while
providing an electron withdrawing effect and enhance the catalytic activity of the metal center. 3 From
a historical point of view, the development of those materials started around 1960 when it was discovered
that cobalt phthalocyanine is active towards ORR. ! |t is a macrocyclic, organic compound with four
nitrogen atoms coordinating a single cobalt atom. Since those molecules lack durability in acidic
electrolyte, it was found that heat treatment at high temperature (400-1000°C) can be an effective way
to increase their stability and activity. Later it was shown that atomically dispersed active sites can be
obtained through pyrolysis from diverse sources of carbon and nitrogen atoms in the presence of
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transition metal salts. (3! Those electrocatalysts show a plurality of possible active sites, depending on
how the transition metal is coordinated by nitrogen atoms. Generally, they are located as defects on
graphitic planes and their general formula is M-Ny, where x represents the number of nitrogen atoms
coordinating the metal atom. Several types of coordination are possible and each of them show a different
binding energy to the reactant with consequent different activity. 3" 138 M-N,, showing an optimal
binding energy for O,, is believed to be the main electrocatalytic site for ORR. [13% 14 Metal-free N-C
moieties that are present in those materials are also believed to contribute to the electrocatalytic activity;
in particular an increasing content of pyridinic nitrogen is beneficial for ORR while graphitic nitrogen can
facilitate the adsorption of oxygen molecules. 13% 141142l There are different approaches for the synthesis
of those electrocatalysts that share some aspects in common, such as mixing of precursors, pyrolysis and
acid washing. %44 Compounds with high N:C atomic ratio such as nicarbazin and melamine are desirable
to incorporate the highest possible number of nitrogen atoms in the carbon structure which increases the
density of active sites. Pyrolysis is the key to obtain the final structure of the electrocatalyst with
atomically dispersed active sites as it provides the energy to recombine the chemical bonds. It is a
thermochemical decomposition of reactants in anoxic conditions with temperatures in the range 700-
1100°C. High temperatures (usually greater than 900 °C) are needed to allow for the onset of
graphitization of the carbon matrix and the insertion of atomically dispersed metal atom sites. 14
Variables such as the ramp rate, final temperature, and gas composition can be optimized to finely tune
the final structure of the material [**¢; in particular, previous studies show a ramp rate of about 10°C min
! leads to optimal pore size for ORR while the final temperature must be selected accurately in order to
avoid agglomeration of metal particles and excessive graphitization. ***! The presence of ammonia in the
pyrolysis atmosphere leads to an increased activity since it results in a greater specific surface area,
compared to the use of inert gases, although it does not influence the nature of nitrogen moieties and
the entity of nitrogen doping. [**”)

Acid washing is the successive step for the removal of acid soluble metal containing compounds
such as metal/metal oxide nanoparticles that are not strongly bonded to the carbon structure. Since they
do not contribute to the electrocatalytic activity, they represent an inert mass that is generally removed
through HCl or H,S04 acid solutions. 4% 149 Finally a second pyrolysis step is important since it can improve
the morphology of the porous structure and the configuration of nitrogen, which boosts the catalytic
activity. **% In this work the focus is on the sacrificial support method (SSM), developed by Atanassov’s
group at University of New Mexico *°¥, based on the mixing of silica particles together with the precursors
through ball milling, solvent evaporation or wet impregnation before pyrolysis. 2% 152 153 Thjs approach
allows to negatively replicate the tridimensional porous structure of silica and to obtain an electrocatalyst
with controlled porosity and atomically dispersed active sites. **¥ Finally, a treatment with HF aqueous
solution (5-25% wt) or alkaline KOH aqueous solution is necessary for the removal of the silica template
maintaining at the same time the morphology of the electrocatalyst. [!2¥ Increasing the amount of metal
salt does not allow to atomically disperse all the transition metal atoms since there is a limit amount that
can be incorporated as single atom, that is why the masses of precursors are other variables to be
optimized. [**! This method is the only one that has been developed in the industrial world by Pajarito
Powder company for the synthesis of non-noble metal catalysts, since it allows both high stability and
activity. "2l However there are some problems to be solved such as the huge amount of liquid acid waste
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that is produced (HF aqueous solution), that requires downstream processes for its treatment and
represents a danger for human beings and the environment. This poses the question of the sustainability
of the whole process. This study explores, for the first time, a sustainable and environmentally friendly
variation of the traditional sacrificial support method, based on the addition of Teflon powder to the mass
of precursors before pyrolysis without further acid washing. In such a way, the use of HF is totally avoided,
with increased safety for the operators and increased ease of environmental remediation of the waste
products. The idea comes from previous works in the fields of supercapacitors and carbon capture for the
synthesis of carbonaceous porous structures based on the use of silica templates. 16158 The use of
polytetrafluoroethylene allowed the production of carbon materials with enhanced surface area and
microporosity, leading to a complete removal of silica during heat treatment through in situ
decomposition of Teflon with chain mechanism and formation of minimal amount of gaseous HF, that is
able to rapidly react with silicon producing gaseous silicon tetrafluoride (SiF4). The PTFE/silicon mass ratio
and pyrolysis time are key variables to determine the final morphology of the material. In particular,
reducing the amount of Teflon at constant mass of silica and increasing pyrolysis time leads to decreased
surface area and pore volume. **”) This approach drastically reduces the synthesis time since no further
steps of acid washing are necessary which simultaneously avoids the treatment of huge amounts of liquid
waste. Thus, this new synthesis approach can be labelled green and sustainable and can be classified
under the umbrella of “process intensification” (Pl). By definition, Pl observes the conceptual design
principles for a safe chemical process according to an inherent safety process (safety-by-design) which i.
avoids the use of extra chemicals or solvents; ii. avoids extra pumps or vessels; iii. reduces holdups and
number of unit of operations; iv. refers to a inherent continuous process control. [ 160!

A set of four mono-metallic electrocatalysts (Feap-N-C*f, Co-N-CAF, Mn-N-C*F, Ni-N-C*F) were
synthesized through the dynamic template removal method with the addition of Teflon to the mass of
precursors before pyrolysis, characterized by physical-chemical methods (SEM, XPS, Raman Spectroscopy,
XRD, STEM/EDS and BET) and tested for ORR in acidic, neutral and alkaline electrolytes. Nicarbazin was
selected as the source of carbon and nitrogen atoms, along with hydrated nitrate salts, which were used
to simultaneously provide nitrogen and transition metal atoms. RRDE tests show that activities
comparable to state-of-the-art non-precious electrocatalysts are achievable and further improvements
are possible. In detail, halfwave potentials of 0.73 V vs RHE in 0.1 M HCIO,and 0.81 V vs RHE in 0.1 M KOH
were obtained through the iron-based material with 4e” pathway for ORR and excellent stability. This
study paves the road towards a novel and sustainable acid-free process for the synthesis of those
materials which can be explored with different optimization routes.

2. Materials and methods
2.1 Chemicals

Nickel(ll) nitrate hexahydrate (purity > 98.5%), manganese(ll) nitrate tetrahydrate (purity 2
97.0%), iron(lll) nitrate nonahydrate (purity = 98.0%), cobalt(ll) nitrate hexahydrate (purity > 98.0%),
polytetrafluoroethylene powder (1 um particle size), Nafion perfluorinated resin solution 5 wt. % and
nicarbazin were purchased from Sigma-Aldrich (USA). LM-150 fumed silica (surface area ~ 150 m? g't) was
purchased from Cabot (USA). Aerosil OX 50 (surface area ~ 50 m? g'1), Aerosil 90 (surface area ~ 90 m? g)
and Aerosil 200 (surface area ~ 200 m? g'!) were purchased from Evonik (USA). Stéber’s spheres (320 nm
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average diameter) were synthesized by Stéber’s method [37]. Potassium hydroxide (purity = 85.0%),
sodium chloride (purity = 99.5%), isopropanol (IPA, purity > 99.9%) and hydrochloric acid (36.5 to 38 %
w/w) were purchased from Fisher Chemical (USA). Perchloric acid 70% was purchased from Merck
Millipore (USA) and ethyl alcohol was purchased from Gold Shield Distributors. Aluminum oxide polishing
solution (5 um) was purchased from Allied High Tech Products (USA). Nitrogen 6.0 was purchased from
Linde (USA), oxygen 5.0 was purchased from Praxair (USA) and ammonia (9.9 mole %, nitrogen: balance)
was purchased from Airgas (USA). Deionized ultrapure water (DIW) was obtained using a Millipore Milli-
Q system (product water conductivity at 25 °C = 0.056 pS cm).

2.2 Electrocatalyst synthesis

In the synthesis of Feap-N-CAF, Co-N-C*F, Mn-N-C*F, Ni-N-C** four different types of silica particles
(Stober spheres, Aerosil 90, Aerosil 200, LM-150 fumed silica) were used simultaneously for each
electrocatalyst; the contemporaneous use of multiple varieties of silica with different surface area and
porosity allows to obtain a hierarchical pore size distribution that is beneficial for the electrochemical
reactions. In particular the most active sites sit mainly in micropores, mesopores facilitate the accessibility
of gas or ions to the active sites and macropores enhance mass transport of reactants and products [6].
In the synthesis of the iron-based electrocatalyst, 6.25 g of nicarbazin, 1.19 g of iron nitrate nonahydrate,
1.25 g of LM-150 fumed silica, 0.5 g of Stober’s spheres, 0.94 g of Aerosil 90 and 0.31 g of Aerosil 200 were
dispersed in deionized water, sonicated for 30 min and mixed at 45°C under constant stirring overnight
(Cole-Parmer Stuart Stirring Hot Plate). To completely dry the precursors, a successive step in the oven at
60°C and ambient pressure was realized. After grinding with mortar and pestle, a calculated amount of
Teflon particles based on the wt. % of silica according to the following equation was added to the powder.

o) Ci
(mass of powder obtained after drying (mg)) MuARLEU 1/%.(5)'102
me(mg) = 0.09 mg silica @
mg Teflon

The mixture was then split equally in three agate ball mill jars (volume 100 ml each) with 32 agate
balls (10 balls with 10.28 mm diameter, 22 balls with 6.26 mm diameter) in each jar and subject to ball-
milling (PQ-N04 Planetary Ball Mill) at 10 Hz for 1 hr. Since it was evident that Teflon powder tends to stick
to the walls, every 15 min the jars were opened and the powder was mixed manually. The reactants were
loaded into a weigh boat and subject to pyrolysis under 100 % N, atmosphere in a quartz tube, heating
from room temperature to 900°C with a ramp rate of 5 °C min*and a 180 min hold at 900°C. A Thermcraft
controller was used to regulate the temperature while MKS mass flow controller allowed to adjust the
flow rate of nitrogen to 100 ml min. The obtained powder was subject to ball-milling again at the same
conditions described above and it is denoted as Fe-N-C-Postpyrl in this study. Then, Fe-N-C-Postpyrl was
pyrolyzed for the second time under 10 mole % NH3; and 90 mole % N, atmosphere with a ramp rate of
10°C min and 30 min hold at 950°C to obtain Feap-N-C**. A similar procedure was used to synthesize all
the other materials and the mass proportions of the precursors are summarized in Tab. 1, where each raw
is representative of an electrocatalyst and the amounts are normalized with respect to 1 gr of hydrated
nitrate salt. The mass ratios were selected so that each electrocatalyst shows the same amount of
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transition metal atoms per unit total mass of precursors, to have a consistent comparison of

performances.
SAMPLE Me CN SILICA TEMPLATE
SOURCE SOURCE
Hydrated Nicarbazin LM-150 Stober Aerosil 90 Aerosil 200
nitrate salt Ci9H18N6Os (SA~ spheres (SA~90 (SA~ 200 m?%/g)
150m?/g) m?/g)
Feap-N-CA lg 5.25¢g 1.05g 042g 0.78 g 0.26g
Fe(NOs)s-
9H,0
Ni-N-C*F lg 7.26¢ 1.45¢g 0.58¢g 1.09g 0.36¢
Ni(NOs),-
6H.0
Co-N-C*F lg 7.26¢ 1.45¢g 0.58¢g 1.09g 0.36¢
Co(NOs); -
6H.0
Mn-N-CAF 1g 8.45g 1.69 g 0.68g 1.27g 0.42g
Mn(NOs);"
4H,0

Table 12: Table 1. Precursors and mass ratios for the synthesis of M-N-C electrocatalysts.

A fraction of Feap-N-C*F was also washed with hydrochloric acid aqueous solution at 80°C for 8 hr
under constant stirring and centrifuged (Hermle Z366 centrifuge) through 6 cycles of 5 min each at 9200
rom with intermediate deionized water rinsing between each cycle. The suspension was finally filtered
under vacuum using a Nylon membrane (GVS Filter Technology, disk diam. 47 mm NY 0.22 um) and
washed with deionized water until the pH was neutral. The sample was then dried in the oven at ambient
pressure and 55°C overnight. The acid solution was prepared by mixing 4.35 ml of hydrochloric acid (36.5
to 38 % w/w) with 95.65 ml of deionized water. The notation used in this study for the acid-washed
catalyst is Fe-N-C-AW. Another fraction of Feap-N-CAF powder was subjected to a third ball-milling step at
the same conditions described above and is denoted as Feap-N-CA*-BM.

2.3 Physical-chemical characterization

Scanning electron microscopy (SEM) was conducted using a FEI Magellan 400 XHR SEM to visualize
the surface morphology of the electrocatalysts. Current (50 pA —0.80 nA) and voltage (18 kV - 20 kV) were
adjusted for each catalyst in order to focus and both TLD and ETD detectors were used depending on the
case. X-Ray photoelectron spectroscopy (XPS) on a Kratos AXIS Supra spectrometer with a monochromatic
Al Ka source (1486.6 eV) at 15 mA anode current allowed to determine the atomic composition and
chemical structure of the surface. Survey spectra were obtained in the range 0 to 1400 eV, detailed N1
spectrain the range 390 to 415 eV, Cis spectra in the range 270 to 300 eV and Fi, spectra in the range 675
to 695 eV. The calibration was performed respect to a value of the Cis binding energy equal to 284.5 eV.
To quantify the elemental composition Casa XPS is the software that was used, selecting a linear
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background for N1s, Cls, F1s regions and a Shirley background for transition metal regions. Peak fitting
was realized using a 70%/30% Gaussian/Lorentzian line shape. X-ray diffraction analysis was realized using
a Rigaku Powder X-ray diffractometer with Cu (K radiation 0.15418 nm) run at 40 kV and 30 mA with a
Nickel K-beta filter, a step size of 0.03° and 20 varying from 20° to 85°, in order to understand the
crystalline structure of the materials. Phase identification was conducted through the software PDXL and
ICDD database. Raman spectra were obtained through inVia, Renishaw Corp., UK system with a 633 nm
laser to quantify the degree of disorder of carbon. The morphology and single atom sites of the catalyst
was analyzed by aberration-corrected scanning transmission electron microscopy using a JOEL ARM-200F
at an accelerating voltage of 200 kV. The elemental distribution of the electrocatalyst was analyzed by
energy dispersive X-Ray spectroscopy using a FEI Talos F200X at an accelerating voltage of 200 kV,
equipped with superX 4 SSD EDX detectors. N> physisorption was realized on a Micromeritics 3Flex
Analyzer at a temperature of 77K. The surface area and the distribution of the pore dimensions were
calculated using the Brunauer-Emmett-Teller (BET) method and Barrett-Joyner-Halenda (BJH) method,
respectively.

2.4 Electrochemical measurements

The electrochemical tests were conducted with a three-electrode system (Pine research
instrument), a potentiostat (BioLogic VSP-300), a rotating ring-disk electrode (Pine research instrument,
glassy carbon disk 0.247 cm? geometric area, Pt ring), a rotation rate control unit (Pine research
instrument), carbon rod as counter electrode, HydroFlex hydrogen reference electrode (Gaskatel) and a
Teflon cell (200 ml). Before any test, the working electrode and the ring were cleaned by wiping with
ethanol and sonicating in ethanol for 10 minutes. Aluminum oxide (5 um) solution was also used to polish
the working electrode. The Teflon cell was cleaned by rinsing 5 times with deionized water at ambient
temperature and by filling 1 time with deionized water bringing it to the boil through microwaves. For
ORR, the activity of the electrocatalysts was investigated in 0.1 M KOH (pH=13), 0.1 M HCIO,4 (pH=1), 0.5
M NaCl (pH=7) and 2 M NaCl (pH=7) aqueous solutions saturated by bubbling O, or N,. For each
electrocatalyst the ink was prepared by mixing 3.94 mg of powder with 255.2 pl of DIW, 255.2 ul of IPA
and 21.3 ul of Nafion perfluorinated resin solution 5 wt. %. Platinum on graphitized carbon (Pt/C, 20 wt.%)
is used as a benchmark; the ink is based on 2.5 mg of Pt/C powder, 1619.4 ul of DIW, 1619.4 pl of IPA and
135.0 pl of Nafion perfluorinated resin solution 5 wt. %. The suspensions were then sonicated for 30 min
at ambient temperature. 20 pl of ink were deposited onto the glassy carbon disk and dried at ambient
conditions in such a way that electrocatalyst loadings of 600 ug cm= for PGM-free electrocatalysts and 60
ug cm2for Pt/C were obtained. The electrolytic solution was bubbled with N, for 15 min before any test
in order to purge any other gas. Electrochemical impedence spectroscopy (EIS) was performed without
rotation of the disk to evaluate the ohmic resistance of the solution, by setting the potential of the working
electrode at 0.45 V vs RHE, the sinus amplitude at 10 mV and by varying the frequency in the range 1.0 Hz
- 1.0 MHz. The solution resistance can be evaluated by extrapolating the real axis value at the high
frequency intercept and it is useful for iR compensation. Prior to kinetic measurements, cyclic
voltammetry (CV) in the potential range 0.05 — 1.23 V vs RHE with a scan rate of 500 mV s was conducted
for 100 cycles in order to activate and clean the surface of the electrocatalyst; this procedure was
sufficient to obtain a stable response. Another CV under N; is collected at 1600 rpm at a scan rate of 5 mV
st in the potential window 0.1 — 1.05 V vs RHE to evaluate the capacitive current that was then removed
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from the current due to the electrocatalytic reaction. The electrolyte was saturated with O; for 15 min
and a final CV at 1600 rpm was collected at a scan rate of 5 mV s between 0.1 — 1.05 V vs RHE, fixing the
potential of the ring at 1.1 V vs RHE to collect the current due to H,0, oxidation; the anodic sweep was
used to extract kinetic data. Each test was repeated twice. An electrocatalyst loading study in the range
50 pg cm - 900 pg cm™ was conducted using Feap-N-CAF-BM catalyst in 0.1 M HCIO, electrolyte for ORR,
by preparing inks at different concentrations and by executing RRDE tests at the same conditions
described above; each test was repeated twice. Accelerated durability testing was conducted on Feap-N-
C*F-BM electrocatalyst with a loading of 700 pg cm in N, saturated 0.1 M HCIO4 by cycling the potential
between 0.60 and 1.00 V at 50 mV s’%; the activity for ORR was evaluated through RRDE polarization curves
at 1600 rpm in O; saturated electrolyte before and after 5,000 and 10,000 cycles.

3. Results and discussion

3.1 Structure and morphology
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Figure 4.1. 1: Figure 1. Chemical-physical characterization. (a) XRD patterns of Co-N-CAF, Mn-N-CAF, Ni-
N-CAF, FeAD-N-CAF, Fe-N-C-AW and Fe-N-C-Postpyrl. (b) Low magnification AC-HAADF STEM image of
FeAD-N-CAF. (c) Atomic resolution AC-HAADF STEM image of FeAD-N-CAF, bright spots indicate
atomically dispersed Fe sites. (d) AC-HAADF STEM image and corresponding EDS mapping of the FeAD-
N-CAF catalyst. (e) Raman spectrum of FeAD-N-CAF. (f) N2 adsorption isotherm and (g) corresponding
pore size distribution of FeAD-N-CAF. (h-I) High-resolution N1s, C1s and F1s spectra respectively of
FeAD-N-CAF.
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The crystalline structure of the materials was analyzed through XRD and the patterns are shown
in Fig. 1 a. All the electrocatalysts show diffraction peaks at about 26° and 44° that can be both ascribed
to graphitic carbon, respectively related to the (002) and (100) planes. The sharpness of the peak at 26° is
decreasing following the order Ni-N-C** > Co-N-C* > Mn-N-C*F > Feap-N-C*, underlining that a different
number of graphene layers is stacked in the carbonaceous structure among the different materials. It is
known that the presence of transition metals can catalyze graphitization of carbon during heat treatment
(1611 35 evident in Fig. S1 e-f and Ni demonstrates higher catalytic property in this sense. Feap-N-CAF shows
a broader peak at 26°, highlighting the presence of increased long-range disorder and lattice defects in
the graphitic structure. The presence of nanoparticles is evident for all the materials, because of
agglomeration during the high-temperature pyrolysis. In detail, manganese carbide peaks (DB card
number: 01-080-1701) at 44.2°, 51.4° and 75.8° respectively due to the (511), (600) and (660) diffraction
planes are visible for the Mn-N-C* powder. Ni-N-CAF sample shows narrow diffraction peaks at 44.5°,51.8°
and 76.4° which can be ascribed respectively to the (111), (200) and (220) planes of nickel (DB card
number: 00-004-0850) and nickel carbide (DB card number: 01-074-5561) particles. It is evident from the
sharpness of the reflections that Ni has a higher tendency to form bigger clusters and it is not
homogeneously dispersed in the carbonaceous matrix. AD-Fe-N-C** peaks at 44.7° and 50.8° correspond
to the (111) and (200) planes respectively of both iron (DB card number: 01-071-3739) and iron nitride
(DB card number: 01-075-2127) clusters. However, the intensity associated to them is relatively lower
demonstrating a more uniform dispersion of Fe in the tridimensional structure of the material. Co-N-CA*
pattern presents a variety of different peaks which qualitatively put under evidence different species such
as cobalt carbide, cobalt nitride, cobalt oxide and cobalt particles. No signals related to silicon dioxide are
present, demonstrating a successful removal of the silica templates.

To elucidate the transformations between the first and the second pyrolysis steps, XRD analysis
was conducted also for Fe-N-C-Postpyrl. Analyzing the XRD spectrum of Fe-N-C-Postpyrl and comparing
it with that of Feap-N-C* after the first and the second pyrolysis respectively, it is evident that the graphitic
reflection at about 26° is less sharp after a single heat treatment highlighting that an additional pyrolysis
step leads to enhanced graphitization. Iron/iron carbide clusters are visible at about 44.5° and 49°. The
XRD pattern of Fe-N-C-AW still shows the presence of metallic nanoparticles after acid washing already
observed for Feap-N-C*%, leading to the conclusion that graphitic carbon layers were able to protect those
clusters from the dissolution in acid by encasing them. [*62 The porous structure of Feap-N-C** is confirmed
by the low magnification aberration corrected high angle annular dark field (AC-HAADF) image in Fig. 1 b,
which is in accord with SEM analysis in Fig. S2. The high mag AC-HAADF shown in Fig. 1 ¢ demonstrates
the presence of single bright points, which are atomically dispersed iron sites; however, some
nanoparticles were observed as evident in Fig. S1 c-d and those results are in perfect agreement with the
XRD pattern. EDS further confirms the homogeneous dispersion of Fe atoms in the material and the
effective doping of the carbonaceous structure with nitrogen moieties, as observed from elemental
mapping in Fig. 1 d. Raman spectra of Feap-N-C*7 in Fig. 1 e is useful to evaluate the degree of disorder of
carbon; the deconvolution is based on previous works present in literature!*®3, with the D1-band peak at
1360 cm™ associated to defects in the graphene layers, the D3-band peak at about 1500 cm™ related to
amorphous carbon and its long-range disorder, the D4-band peak at about 1230 cm™ assigned to the
simultaneous presence of sp?-sp® structures and finally the G-band peak at about 1580 cm™ ascribed to
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sp? graphitic carbon. All the materials show similar trends as evident from Fig. S3, with values of intensity
ratio I/l in the range of 1.05 to 1.09. This ratio is calculated based on the maximum values of the G and
D bands and it is often reported in literature to quantify the relative amounts of ordered and disordered
carbon. However, this value can lead to inaccurate conclusions when the broadening of the peaks is large
as in this case and, as consequence, using the peak area is preferable. Based on this, all the samples show
approximately two-thirds of carbon as disordered, demonstrating the presence of a large number of
defects and a successful doping of the graphitic structure with nitrogen moieties already confirmed
through EDS, which is beneficial for ORR. The BET analysis was conducted on Feap-N-CAF and Ni-N-CA*
samples and the results are presented in Fig. 1 f-g and Fig. S4 respectively. Both the materials have almost
the same specific surface area (482.9 m? g and 477.2 m? g, Ni and Fe electrocatalysts respectively) and
pore size distribution, highlighting that the morphology of the material is dependent only on the choice
of the silica templates. The hierarchical porous structure with mesopores and micropores is evident
respectively from the distribution of the pore dimensions, with a broad peak centered at about 19 nm,
and the adsorption isotherm, with a non-negligible uptake at the lowest values of relative pressure. XPS
spectra were used to analyze the surface chemical environment of the materials. High-resolution N1s, Cls
and F1s spectra where deconvoluted based on previous studies!*??. All the materials after the second
pyrolysis have similar atomic composition as summarized in Tab. 2, with Feap-N-C*F showing the largest
amount of nitrogen.

Atomic % Fe-N-C- Feap-N-CAF Mn-N-C** Ni-N-CAF Co-N-CHF
Postpyrl
C1ls 90.4710.35 94.86%0.47 94.39+1.53 93.54+1.55 96.1910.49
N 1s 4.01+0.34 2.47+0.18 1.82+0.03 2.06+0.57 1.50+0.72
O1s 4.58+0.52 2.5810.28 3.65+1.44 4.20+2.04 2.01+0.98
Si 2p 0.30+0.03 0.07+0.01 0.09+0.06 0.04+0.01 0.11+0.06
Me 2p 0.04+0.04 0.01+0.00 0.02+0.02 0.10+0.01 0.03+0.03
F1s 0.60+0.08 0.01+0.00 0.03+0.03 0.06+0.06 0.1610.11

Table 13: Table 2. X-Ray photoelectron spectroscopy %at. concentration of FeAD-N-CAF, Mn-N-CAF, Co-
N-CAF, Ni-N-CAF and Fe-N-C-Postpyrl.

About nitrogen moieties in Fig. 1 h, the presence of N pyridinic at 398.2 eV, metal-nitrogen
coordination at 399.4 eV, N pyrrolic at 400.8 eV, N graphitic at 401.8 eV, bulk N-H at 402.9 eV and NOy
species respectively at 404.2 eV, 405.6 eV and 407.2 eV are observed. It is evident from Tab. 3 that all the
samples show a low ratio N pyridinic/N pyrrolic but a relatively high content of graphitic nitrogen.

N moiety Fe-N-C- Feap-N-CAF Mn-N-CAF Ni-N-C* Co-N-C*F
Postpyrl

N pyridinic 24.8810.29 14.91+0.96 12.87+0.70 14.6310.28 15.8710.43
N-Me 13.78+0.81 6.62+2.45 6.45+0.36 7.57+0.35 6.36+£0.57
N pyrrolic 31.65+2.83 35.71+0.24 38.99+1.31 33.78%£2.35 36.27+0.86
Ngr / N* 11.89+1.59 19.19+0.91 14.78+0.36 18.24+1.42 17.20+1.11
Bulk N-H 6.95+0.46 7.17+0.82 9.89+1.29 9.52+0.68 9.25+1.57
NO, 4.80+0.43 6.04+1.75 6.751£0.27 6.21+0.41 6.52+0.53
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NO« 3.90+0.16 5.29+1.01 5.08+0.89 4.7610.74 4.24+0.68
NO« 2.15+0.40 5.09+0.71 5.1940.29 5.30+0.61 4.28+0.59

Table 14: Table 3. X-Ray photoelectron spectroscopy high-resolution N 1s rel. %at. concentration for
FeAD-N-CAF, Mn-N-CAF, Co-N-CAF, Ni-N-CAF and Fe-N-C-Postpyrl.

High-resolution carbon spectrum in Fig. 1 i shows graphitic carbon at 284.5 eV, disordered carbon
at 285.1 eV, C-N bond at 286 eV, C-O at 287.1 eV, C=0 at 288.3 eV, COOH at 289.7 eV, C-F2 at 291.3 eV
and C-F3 at 293 eV. Graphitic carbon on the surface is predominant among carbon moieties as evident
from Tab. 4 and this is beneficial for corrosion resistance, while the presence of oxygenated species
demonstrates an effective doping of graphene layers with defects. *4 C-F2 and C-F3 groups can be
ascribed to the addition of Teflon to the precursors before the first pyrolysis step. High-resolution fluorine
spectrum in Fig. 1 | obtained for the Feap-N-C** sample show not only the presence of inorganic fluorine
at binding energies greater than 686 eV but also the formation of metal fluoride species at 685 eV.

C moiety Fe-N-C- Feap-N-CA* Mn-N-CAF Ni-N-C* Co-N-CHF
Postpyrl

C graphitic 51.97+4.05 54.301£1.69 48.4916.03 46.4614.56 58.57+0.55
C disordered 14.4514.36 9.31+1.48 14.6315.07 15.52+4.23 5.6210.34
C-N 10.55+1.34 10.54+0.42 11.59+2.08 13.57+2.12 9.59+0.47

Cc-O 6.87+0.43 6.36+0.23 6.35+0.82 5.86+0.76 6.04+0.48
Cc=0 4.30+0.76 4.64+0.01 4,13+0.68 4,11+0.94 4.64+0.19
COOH 6.03+0.40 7.18+0.22 7.78+£1.37 8.24+1.22 7.08+0.19

C shake* 3.57+0.54 4.73+0.09 4,18+0.59 3.91+0.86 5.2310.17
C shake* 2.26+0.52 2.96+0.10 2.44+0.47 2.31+0.67 3.24+0.08

Table 15: Table 4. X-Ray photoelectron spectroscopy high-resolution C 1s rel. %at. concentration for
FeAD-N-CAF, Mn-N-CAF, Co-N-CAF, Ni-N-CAF and Fe-N-C-Postpyrl.

Tab. 1 also highlights how elemental composition significantly varies between Fe-N-C-Postpyrl and
Feap-N-CAF, with the former showing larger amounts of nitrogen and oxygen atoms that during the second
pyrolysis were partially removed forming gaseous products. Interestingly, non-negligible amounts of
silicon and fluorine are still present in the Fe-N-C-Posypyrl sample and this is evidence of the fact that a
second heat treatment is necessary to reduce their content to negligible values. The largest differences in
the nitrogen moieties are a significantly greater ratio N pyridinic/N pyrrolic, a lower relative amount of
graphitic nitrogen and approximately a double amount of nitrogen coordinated to iron in Fe-N-C-Postpyr1l,
while high-resolution carbon spectra demonstrate that a second heat treatment enhances graphitization
by exposing carbon to high temperature for additional time and this is in line with XRD analysis. Additional
XPS images for the other samples can be found in Fig. S5.

3.2 Electrochemical study on RRDE

The activity of the electrocatalysts toward ORR was evaluated through RRDE experiments by
extracting from the anodic polarization curve the values of typical descriptors: the onset potential (Eonset)
corresponding to a current density of 0.1 mA cm™, the halfwave potential (E1/2) calculated through the
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first-derivative method, the number of electrons transferred (n) and the hydrogen peroxide yield (%H20,)
evaluated respectively with the following equations. 16!

i
’n:4* dl
iq + 57 (2)
i
%H,0, = 2 * Nl.
gy (3)

Where ir and iq are the absolute values of the ring current and the disk current respectively, while
N is the collection efficiency of the ring which was empirically evaluated to be 0.5 through the reversible
and single-electron ferrocyanide/ferricyanide half reaction. Higher values of Eonset and Ey/; are indicators
of enhanced electrocatalytic activity, since a lower overpotential to achieve a determined value of current
density is necessary. %H,0, and n are useful to understand the reaction mechanism and they are
dependent on each other. In particular, a value of n equal to 4 means that 4e” pathway is realized and this
correspond to the absence of hydrogen peroxide generation which is beneficial for performances. Since
they are dependent on the applied potential, their averages in the potential window from 0.25 V to Eonset
are reported in this study.
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Figure 4.1. 2: Figure 2. Electrochemical performance on RRDE. (a) ORR polarization curve at 1600 rpm of
M-N-C electrocatalysts and Pt/C in 0.1 M HCIOA4. (b) Comparison of E1/2 of M-N-C electrocatalysts and
Pt/C in different electrolytes. (c) Koutecky-Levich plots of FeAD-N-CAF-BM in 0.1 M HCIO4 at various
potentials and ORR polarization curves at different rotation speeds. (d) %H202 produced by M-N-C
electrocatalysts and Pt/Cin 0.5 M NaCl and 2 M NacCl.

Fig. 2 a and Fig. S6 show the ORR polarization curves of Feap-N-C**, Mn-N-C*F, Co-N-C*F and Ni-N-
CAF electrocatalysts in 0.1 M HCIO;, 0.1 M KOH, 0.5 M NaCl and 2 M NaCl respectively with an
electrocatalyst loading of 0.6 mg cm at 1600 rpm, where commercial Pt/C is used as reference with a
loading of 60 pg cm™. As expected from previous works ] Feap-N-CA™ electrocatalyst show better
performances among PGM-free materials because of its intrinsic higher electrocatalytic property and the
general trend of activity is Feap-N-CAF > Mn-N-C*F > Co-N-C*F > Ni-N-C*F in every type of electrolyte, as
demonstrated in Fig. 2 b. In detail, as shown in Tab. S2, halfwave potentials of 0.81 V in alkaline
environment (0.82 V with Pt/C) and 0.70 V in acidic solution were achieved with Feap-N-CA* obtaining an
average number of electrons transferred of 3.98 and 3.92 respectively. Higher activities are reached in
alkaline electrolyte and this is in line with the fact that ORR is kinetically favored in this kind of medium
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because of improved charge transfer. ¢’ The 4e" mechanism was also confirmed through Koutecky-Levich
analysis as evident in Fig. 2 c. It was conducted by carrying out linear sweep voltammetry tests at four
different rotation speeds in the range 400 — 2500 rpm with Feap-N-CAF-BM in 0.1 M HCIO,4 and a loading of

700 pg cm. The Koutecky-Levich equation was used as follows. [*68]
1 — l + 1 w—1/2
i jx 0.2nFC,D2/3y~1/6 (3)

Where j is the measured current density, jk is the kinetic current density, w is the rotation speed
of the disk, n is the number of transferred electrons, F = 96485 C mol* is the Faraday constant, D = 1.93 x
10 cm? st is the diffusion coefficient of O, in 0.1 M HCIO4, C, = 1.22 x 103 mol L is the bulk concentration
of 0 and v =1.13 x 102 cm? s is the kinetic viscosity of the electrolytic solution. [*** Poor performance is
evident from Tab. S3 in both neutral solutions since the scarcity of protons H* and hydroxyl ions OH" is a
limiting factor. Fig. 2 d demonstrates that when NaCl concentration increases from 0.5 M to 2 M, the
number of electrons transferred significantly drops and this can be ascribed to the poisoning effect of
chlorine ions that are easily adsorbed on the catalyst surface and act as site-blocking species, resulting in
a reduction of active area available for ORR and an increased production of H,0,. 7%
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Figure 4.1. 3: Figure 3. (a) ORR polarization curves and (b) variation of E1/2 of the iron-based
electrocatalyst at different synthetic steps in 0.1 M HCIO4 at 1600 rpm with a loading of 600 pug cm-2.

Feap-N-CAF ORR activity was further compared in acid electrolyte with Fe-N-C-Postpyr1, Fe-N-C-
AW, AD-Fe-N-C*F-BM. As clear from Fig. 3, the second pyrolysis step leads to a strong enhancement of
activity highlighting that after only a single heat treatment the configurations of carbon and nitrogen
together with relatively high surface contents of silicon and fluorine result in a reasonably lower active
site density. As expected, the acid-washing did not cause any change in the final performance since no
phase transformations were observed while an additional ball-milling step led to a 20 mV positive shift of
the halfwave potential, as result of greater homogeneity of particle size distribution. Those results
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demonstrate that the acid-free method based on the use of Teflon can be a successful variation of the
traditional SSM to synthesize materials for ORR electrocatalysis, with activity comparable to state-of-the-
art non-precious electrocatalysts as shown in table S5. Additionally, a study on the electrocatalyst loading
from 50 pg cm2 to 900 pg cm? was conducted for the Feap-N-CAF-BM sample in acid medium.
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Figure 4.1. 4: Figure 4. (a) E1/» with corresponding polarization curves and (b) %H202 of FeAD-N-CAF-BM
in 0.1 M HCIO4 at 1600 rpm with electrocatalyst loading varying from 50 pug cm-2 to 900 pg cm-2.

Fig. 4 a-b show how halfwave potential and hydrogen peroxide yield respectively change by
varying the electrocatalyst loading, pointing out that the performance reaches a plateau at 700 pg cm™
with a value of E1/; of 0.73 V. Increasing the loading does not lead to a proportional increase of activity
since, when the thickness of the electrocatalytic layer is relatively large on the disk, oxygen is not able to
easily reach all the active sites of the material because of mass transfer limitations. In the range of 50 pg
cm to 300 pg cm?, hydrogen peroxide yield has a sharp reduction and this reveals a 2x2e” pathway; in
particular, when the loading increases, H,0; has a greater probability of being further reduced to H,0
inside the material before reaching the ring and it is not detected as ring current. Accelerated durability
testing was conducted on Feap-N-C*F-BM in acid medium through cycling in the typical potential window
of operation in systems such as PEMFCs. It is well known that while the activity of PGM-free
electrocatalysts has made promising improvements, the stability of those materials in acid medium is
distant from technical requirements for their commercialization. Issues such as demetallation, flooding of
micropores and carbon corrosion lead to a fast degradation of performances after few hours. 133
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Figure 4.1. 5: Figure 5. Accelerated durability test on RRDE conducted on FeAD-N-CAF-BM with a loading
of 700 pg cm-2 and Pt/C with a loading of 60 pg cm-2 in 0.1 M HCIO4 at 1600 rpm. (a) ORR polarization
curves and (b) E1/2 before and after potential cycling.

Fig. 5 a-b demonstrate excellent stability on RRDE of Feap-N-C**-BM with a reduction of Ey/; of
1.4% (4.1% for Pt/C) and 2.1% (6.0% for Pt/C) after 5000 and 10000 cycles respectively respect to the
initial value, with negligible variation of the average number of transferred electrons. This result further
confirms that this novel synthesis method could be a successful way to synthesize non-precious materials
with enhanced electrocatalytic properties and stability, that can be reasonably ascribed to the presence
of a hierarchical porous structure successfully doped with active sites and with a high degree of surface
graphitization, as verified through physical-chemical characterization.

4. Conclusions and future perspectives

In summary, a novel and sustainable process for the synthesis of electrocatalysts with atomically
dispersed active sites was presented in this study. It was demonstrated that the iron-based material shows
activity towards ORR comparable to state-of-the-art PGM-free electrocatalysts with excellent stability in
acid medium. This unique approach to synthesize non-precious materials is all to be explored also for
different electrocatalytic processes, with the possibility to finely tune the tridimensional structure and
porosity of the catalyst by varying synthesis conditions, precursors and mass ratios, silica templates and
morphology of polytetrafluoroethylene powder.
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5. Supporting Information

a

Figure 4.1. S 1: Figure S1. AC-HAADF/BF STEM images of the FeAD-N-CAF catalyst. (a-b) Low
magnification darkfield and corresponding brightfield images showing the hierarchical porous structure
and presence of Fe nanoparticles. (c-d) High magnification darkfield images of Fe nanoparticles
contained within a graphitic shell, catalyzed by the Fe nanoparticle during pyrolysis. (e-f) High
magnification brightfield images of the Fe nanoparticles, where the graphitic shell is clearly observed as
well as the lattice of the Fe nanoparticle.
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Figure 4.1. S 2: Figure S2. SEM images of (a-b) Co-N-CAF, (c-d) Mn-N-CAF, (e-f) Ni-N-CAF and (g-h) FeAD-
N-CAF at different magnifications showing the hierarchical porous structure.
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Figure 4.1. S 3: Figure S3. Raman spectra of (a) Co-N-CAF, (b) Mn-N-CAF and (c) Ni-N-CAF showing
different vibrational modes of carbon.
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Figure 4.1. S 5: Figure S5. High-resolution N1s and C1s spectra respectively of (a-b) Co-N-CAF, (c-d) Mn-
N-CAF, (e-f) Ni-N-CAF, high-resolution N1s, C1s and F1s spectra respectively of (g-i) Fe-N-C-Postpyr1l.
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Figure 4.1. S 6: Figure S6. ORR polarization curves of M-N-C electrocatalysts and Pt/C at 1600 rpm in (a)
0.1 M KOH, (b) 0.5 M NaCl and (c) 2 M NacCl.
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Figure 4.1. S 7: Figure S7. Results of the accelerated durability test on (a) FeAD-N-CAF-BM and (b) Pt/C:
focus on the halfwave potential region.

F moiety Fe-N-C-Postpyrl Feap-N-CAF
F inorganic 67.03+1.00 61.00+6.22
Metal fluoride 32.97+1.00 39.00+6.22

Table 16: Table S1. X-Ray photoelectron spectroscopy high-resolution F1s rel. %at. concentration for AD-

Fe-N-CAF, Fe-N-C-Postpyrl.

117




Eonset (V vs. RHE) | E1/2(V vs. RHE) Naverage (-) %H102,average (-)
01M | 0.1M 0.1M 0.1M 0.1M 0.1M 0.1M 0.1M
KOH HCIO4 KOH HCIO4 KOH HCIO4 KOH HCIO4
Feap-N-C** 0.90 0.82 0.81 0.70 3.98 3.92 1.10 3.87
+0.01 | £0.01 +0.00 $0.01 +0.01 +0.02 +0.22 +1.00
Mn-N-CA* 0.83 0.75 0.76 0.65 3.90 3.30 5.09 35.25
+0.01 | +£0.01 +0.01 +0.01 +0.02 +0.05 +0.77 +2.38
Co-N-C** 0.89 0.73 0.76 0.54 3.94 3.65 3.08 17.55
+0.00 | £0.01 +0.01 +0.05 +0.01 +0.03 +0.69 +1.53
Ni-N-CA*f 0.77 0.65 0.70 0.46 3.72 3.22 13.80 38.75
+0.03 | £0.00 +0.04 +0.01 +0.13 +0.04 +6.54 +2.27
Pt/C 0.90 0.96 0.82 0.88 3.99 3.99 0.35 0.49
+0.00 | £0.00 +0.01 $0.01 +0.00 +0.00 +0.10 +0.13

Table 17: Table S2. ORR electrochemical performance of M-N-C electrocatalysts (600 pg cm-2) and Pt/C

(60 ug cm-2) in 0.1 M KOH and 0.1 M HCIO4 at 1600 rpm.

Eonset (V VS. RHE) E1/2 (V vs. RH E) Naverage (') %HZOZ,average (')

05M 2M 05M 2M 05M 2M 05M 2M

Nacl NaCl NaCl NaCl NaCl NaCl NaCl Nacl
Feap- | 0.40£0.02 | 0.39+0.01 | 0.27+0.02 | 0.28+0.01 | 3.97+0.00 | 3.77+0.01 | 1.33+0.06 11.52+0.39
N-
CAF
Mn- | 0.33+0.01 | 0.35#0.01 | 0.23+0.01 | 0.25£0.01 | 3.65+0.09 | 3.62+0.00 | 17.34+4.51 | 19.06+0.10
N-
CAF
Co- | 0.3440.01 | 0.26+0.00 | 0.19+0.01 - 3.89+0.01 | 3.7940.14 | 6.61+0.42 10.7246.79
N-
CAF
Ni- 0.25+0.00 | 0.25+0.00 - - 2.79+0.31 | 2.3740.29 | 60.30+15.57 | 81.51+14.43
N-
CAF
Pt/C | 0.49+0.01 | 0.48+0.01 | 0.32+0.01 | 0.34+0.00 | 3.91+0.05 | 3.75+0.19 | 4.73+2.52 12.63+9.62

Table 18: Table S3. ORR electrochemical performance of M-N-C electrocatalysts (600 pg cm-2) and Pt/C
(60 pg cm-2) in 0.5 M NaCl and 2 M NaCl at 1600 rpm.
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Eonset (V vs. RHE) E1/2(V vs. RHE) Naverage () %H202,average (-)
Fe-N-C-Postpyrl 0.83+0.01 0.65+0.01 3.91+0.00 4,52+0.14
Feap-N-C*F 0.82+0.01 0.70+0.01 3.92+0.02 3.87+1.00
Fe-N-C-AW 0.80+0.01 0.70+0.00 3.88+0.00 5.95+0.11
AD-Fe-N-C*-BM 0.84+0.01 0.72+0.00 3.90+0.02 4.82+1.04
Pt/C 0.96+0.00 0.88+0.01 3.9910.00 0.49+0.13

Table 19: Table S4. ORR electrochemical performance of Fe-N-C-Postpyrl, FeAD-N-CAF, Fe-N-C-AW, AD-
Fe-N-CAF-BM (600 pg cm-2) and Pt/C (60 pg cm-2) in 0.1 M HCIO4 at 1600 rpm.

Catalyst

Synthesis method
and precursors

Acid
washing

Electrolyte

Eonset VS
RHE (V)

Ei/2vs
RHE (V)

Reference

FeAD-N-CAF-
BM
FeAD-N-CAF

Acid-free sacrificial
support method

0.1 M HCIO4

0.1 M KOH

0.84

0.90

0.73

0.81

This work

NHMC (Fe-
N-C)

Hybrid dual-
templating: SiO;
nanoparticles, F127
and iron-
functionalized
phenol-
formaldehyde

15 wt % HF
solution

0.5 M H;504

0.91

0.76

Deng et al.
[171]

Fe-N/C-SAC

Molten salts
mediated pyrolysis:
nitrilotriacetic acid,
iron acetylonate, KCl
and ZnCl,

0.1 M HCIO,

0.1 M KOH

0.78

0.91

Xin et al.
[172]

FesC/C-700

FesC/C-800

Fe3C nanoparticles
encased by graphitic
layers from
ferrocene and
cyanamide

0.1 M HCIO4

0.1 M KOH

0.90

1.05

0.73

0.83

Hu et al.
[162]
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FeNC-900

Sacrificial support
method: SiO;
nanospheres and Fe-
doped ZIF-8 from
Melm, N,N-
dimethylformamide,
Zn(NOs),-6H,0 and
FeS04-7H,0

10 wt % HF
solution

0.1 M HCIO4

0.1 M KOH

0.84

0.96

0.71

0.85

Li et al.
[173]

FeN/MPC2

Sacrificial support
method for the
synthesis of a carbon
support (MPC) for
Fe"-1,10-
phenanthroline
complex

5wt % HF
solution

0.5 M H,S04

0.1 M KOH

0.82

1.00

0.70

0.89

Osmieri et
a|. [174]

3DOM Fe-
N-C-900

Iron doped ZIF-8
from Melm,
Zn(NOs),-6H,0,
ferrocene and
methanol

0.1 M HCIO4

0.1 M KOH

0.88

0.78

Zhang et

al.
[175]

Fesa-N-C

Iron doped
porphyrinic MOF
(PCN-222)

0.1 M HCIO,

0.1 M KOH

0.93

1.00

0.78

0.89

Jiao et al.
[176]

Fe-NMP

Sacrificial support
method:
Fe(NOs);-9H:0,
pipemedic acid,
nicarbazin, Melm,
urea, zinc, carbon
nanotube and LM150
fumed silica

25 wt % HF
solution

0.1 M KOH

0.97

0.84

Hossen et
al. (164

Fe-SAC/NC

Molten salt
mediated pyrolysis:
adenine, ZnCl,, NaCl

and Fe;03

0.5 M H,504

0.1 M KOH

0.80

0.95

0.69

0.84

Hu et al.
[177]
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Cosa-N-C Cobalt doped ZIF-L - 0.1 M HCIO, - 0.79 Zhou et al.
and ZIF-8 from CTAB, [178]
Co(NOs3)2:6H:0, 0.1 M KOH - 0.89
Zn(NOs),-6H,0 and
MelM

Table 20: Table S5. Literature review of M-N-C electrocatalysts for oxygen reduction reaction.

Chapter 2: Metal-Nitrogen-Carbon Catalysts by Dynamic Template Removal for Highly Efficient and

Selective Electroreduction of CO;

Abstract

The renewable electroreduction of CO, to CO is a key component of future clean energy
scenarios. These scenarios allow for the recycling of carbon emissions into value-added chemicals which
achieves the joint goal of reducing greenhouse gase(s) while producing valuable chemical product(s). A
catalyst which has a high activity and selectivity for the electroreduction of CO; to CO is highly desired
for these applications. Non-precious metal catalysts (non-PGM) and specifically metal-nitrogen-carbon
(M-N-C) catalysts are prime cathode candidates as they are selective for CO and H; formation with only
trace amounts of other products such as CH4. The traditional method of production of atomically
dispersed M-N-C proceeds through either a sacrificial poymer approach or through hard-templating the
catalyst with silica. The other is through the direct pyrolysis of non-abundant metal macrocycles such as
MOF-based precursors via a soft-templating approach. These syntheses have substantial industrial
limitations as they require harsh acid or basic solvents for post-pyrolytic removal of the support or they
require rare chemical precursors. The method herein uses a novel mechanochemical mixing of a fluorine
containing polymer with common pyrolytic precursors for the in situ removal of the template during the
first pyrolysis. Further ball-milling and post-treatment in ammonia atmosphere yields a highly selective
catalyst for CO; reduction. The role of the metal-center in these novel M-N-C catalysts in promoting CO,
reduction is explored (M = Fe, Ni, Co, Mn) versus the performance of metal-free N-C. A mechanistic
pathway for CO; reduction on the various novel M-N-C catalysts is suggested. The champion catalyst in
terms of overall selectivity/activity (Ni-N-C) boasts a 98.9 +/- 0.2 % faradaic efficiency for CO formation
(FEe) at -1.1 V vs. RHE and an unmatched selectivity for CO, reduction (FE., > 85 %) even at low
overpotential (E =-0.3 V vs. RHE) compared to traditional Ni-N-C. The catalysts synthesized here present
a promising class of new electrocatalysts which may be explored for a range of electrocatalytic
applications.
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Introduction

The ambient electrocatalytic CO, reduction reaction (CO2RR) is a promising method for recycling
CO; to value-added chemicals while mitigating the rising anthropogenic CO; emissions that are
contributing to global warming.’*® 7! To that end, several companies have developed projects for the
electroreduction of CO; to value-added chemicals including the Rheticus project in 2018 by Siemens and
Evonik for the co-reduction of CO; and H,0 to syngas and Opus 12.5% 8% The choice of cathode material
in these systems is crucial as the CO2RR usually requires a high-energy barrier and is more kinetically
limited than the competing HER.[*8" 182 precious metals such as Ag and Au-based catalysts offer high
activity and selectivity for CO; reduction but are prohibitively rare and expensive so the exploration of
other metal and metal oxide catalysts is common such as Cu for the production of more highly reduced
CO; reduction products and Sn-based catalysts for formate production.!*83-18 Nonmetals (e.g., nitrogen-
doped carbons) are a low-cost alternative to more expensive metal-based catalysts.*? 2% Ultrathin 2D
metal catalysts (e.g., monolayered Bi) are envisioned to offer higher surface areas and corresponding
electrocatalytic activity compared to their bulk metallic counterparts but are often difficult to
prepare.[8% 87l Among non-precious metal catalysts, metal-nitrogen-carbon (M-N-C) catalysts are prime
candidates for cathode material(s) as they offer a high activity and selectivity for the targeted
production of carbon monoxide. The mechanism for CO, reduction on M-N-C catalysts is generally
assumed to proceed through M-Ny active sites or through metal-free N-C sites with the presence of
separate metallic phases being more selective for the competing hydrogen evolution reaction (HER) and
hence undesirable. 58 70 188, 189]

The M-N-C catalysts have several different types of active sites which are present as defects in
layers of graphitic carbon. The elemental composition of M-N-C catalysts is predominantly carbon with a
surface composition as measured by X-Ray Photoelectron Spectroscopy (XPS) to be ca. 85 —95 %
carbon, 1-4 % oxygen, 3-8 % nitrogen, with trace (< 0.5 %) surface metal content.l3% %, The primary
active sites in M-N-C catalysts are atomically dispersed metal coordinated to nitrogen sites (M-N) and
N-C sites where the nature of the nitrogen moiety (e.g., graphitic, pyridinic, pyrrolic N) may substantially
influence the reactivity.”” 1*% Metal-free N-C catalysts also show substantial selectivity for CO, reduction
with generally lower overall activity. 2 The nitrogen chemistry in M-N-C samples is a thoroughly
researched topic as it has been found to have major electrochemical implications. For example, M-N-C
catalysts for oxygen reduction reaction (ORR) have been found to benefit from an abundance of M-Ny
active sites which have been shown to catalyze the reduction of oxygen to water while an abundance of
hydrogenated and protonated nitrogen has been shown to catalyze parasitic peroxide formation. (3% 1%
91 The role of nitrogen functionalities was also shown to be vital for the CO;R by the work of Leonard et
al who prepared polyaniline-based Fe-N-C materials with different N precursors to examine its influence
on CO;R selectivity. The materials produced with melamine had the highest Fe-Nx moiety content and
highest faradaic efficiency for CO formation. [:°? Further experimental work and DFT simulations found
that pyridinic N is a key moiety for CO; reduction due to having a low energy barrier for COOH*
formation. Pyrrolic N as opposed to graphitic and pyridinic N was found to be the only nitrogen moiety
where the initial formation of COOH* proceeded spontaneously. In this instance, the rate of CO
desorption was proposed as the rate determining step (rds). !9 1% Along with alterations in the
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nitrogen chemistry of M-N-C catalysts, the metal atom is a key determinant for altering the
electrochemical performance. The nature of the metal atom has major implications in affecting the
binding energies of key intermediates such as COOH*, CO*, H* and the resulting selectivity for CO;R.

These binding energies can explain the selectivity for promoting either CO;R or the hydrogen
evolution reaction (HER) as well as the potential dependent selectivity for these catalysts. Generally, Fe-
N-C and Ni-N-C have the highest selectivity for CO2RR. Fe-N-C has a high selectivity for CORR at low
overpotential (E >-0.50 V vs. RHE) while Ni-N-C has increasing selectivity for CO2RR at more cathodic
potentials (E < -0.50 V vs. RHE) and correspondingly higher activity.!®® 7° These trends in activity based
on the nature of the metallic substituent have been attributed to different CO, reduction mechanistic
pathways via the rate-determining step (rds) being either CO, adsorption (CO,*) or COOH*
formation.!**>! Generally, the M-N-C catalysts (e.g., M= Fe, Mn, Cr, Co, and Cu) have a potential-
dependent faradaic efficiency for CO formation with Fe-N-C and Ni-N-C having the highest selectivity
followed by Mn-N-C and Cr-N-C. Co-N-C and Cu-N-C have the lowest selectivity for CO;RR and a much
higher selectivity for the HER. [*? Fe, Mn, and Co-N-C offer strong binding to COOH* so have lower onset
potentials for CO formation. However, the strong binding energy of H* for these catalysts explains the
concurrent H, production which becomes more pronounced at higher overpotentials. By contrast, Ni-N-
C usually offers a weak binding for COOH* and weak binding for H*. This explains the higher
overpotential required for CO production on Ni-N-C and its high CO,R selectivity at very cathodic
potentials where the HER usually dominates. (44195 1% |t js helpful to organize these parameters into a
few different categories to independently investigate how they influence CO;R performance. The first
category directing CO2R performance in M-N-C catalysts is the nature of the metal atom while the next
category is the metal atom coordination sphere. In parallel, the morphology and reaction parameters
are key in altering the CO3R selectivity.

This study aims to elucidate the structure/CO5R activity relationships for a series of M-N-C and
N-C catalysts synthesized by a novel method. The method is comprised of an initial wet impregnation
step where the nitrogen/carbon source (nicarbazin) is mixed with the pore-forming mixture of silica and
metal nitrate precursor. The dried sample is then combined with Teflon (Poly(tetrafluoroethylene)
through high-energy ball-milling and carbonized during pyrolysis under inert atmosphere. Use of Teflon
as a silica-removal agent was effectively used by the group of Singh et al for production of
mesostructured carbon with higher surface areas and enhanced supercapacitor performance than those
produced by the traditional HF treatment method.[**® The shortened synthesis presented herein yields a
highly selective catalyst for CO, reduction even after a single ball-milling and pyrolysis step. For this
reason, the process presents immediate advantages in terms of manufacturing scalability over the
conventional sacrificial support method which utilizes on the order of 10 mL of concentrated
hydrofluoric acid per gram of silica. B% The use and disposal of HFiquia) presents vastly increased
operating expenses (OpEx) which the present synthesis completely avoids. The in situ generation of gas-
phase HF and SiF, are, by comparison, much easier to process for environmental remediation than
concentrated HFiq). The gaseous products are sometimes fed through a granulated limestone-based

sorbent and then scrubbed (hydrolyzed) with water to form fluorosilicic acid (HSiFs (FSA)). 197 198!
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The synthesis method, while analogous to the sacrificial support method (SSM), has several
important differences which yield a morphologically and electrocatalytically unique material. The most
pronounced of which is the temporal difference in the pore vs. active site formation. Conventionally, the
SSM utilizes precursors which have low volatility and decompose at elevated temperatures greater than
700 °C so that the incorporation of nitrogen/carbon moieties may occur concurrently with active site
formation.!3% %% Hence, the active site formation occurs first followed by a post-pyrolytic treatment in
HF or KOH to etch away metal-rich phases and form a hierarchically porous carbon framework that
enhances the active site accessibility.?” The present method intentionally introduces a volatile fluorine-
containing polymer precursor (PTFE) which decomposes at a temperature (i.e., 450 — 560 °C) lower than
the proposed temperature for active site formation. In the conventional SSM, the silica nanospheres
utilized in the synthesis for hard-templating are usually regarded as inactive during pyrolysis and are
only observed to disperse at temperatures of 1180 °C or greater.[**! Here, however, the silica is
removed as evidenced from EDS measurements through a reactive etching process with in situ
generated gas-phase HF to generate SiF,4 in the gas-phase. PTFE carbonized in the absence of hydrogen
is known to lead to tetrafluoroethylene (C;H.) instead of HF however in presence of partially
polymerized H-containing carbon, the formation of hydrofluorocarbons such as PVDF are known to emit
HF upon decomposition. 1°¢ 1% Similarly, in presence of nicarbazin decomposition which begins before
PTFE decomposition, the removal of silica is thought to occur through the in situ decomposition of
hydrofluorocarbon intermediates yielding HF in the gas-phase (Figure S1). The variation in synthetic
conditions yields a hierarchically porous catalyst with a continuous pore size distribution compared to
the conventional M-N-C produced by hard-templating approach. The result is a highly active catalyst for
CO; reduction which has higher selectivity and throughput (evaluated on a benchtop flow cell) than
competing M-N-C catalysts.

Results and Discussion
Synthesis and Physical Characterization of M-N-C Catalysts

Catalysts with a high degree of atomically dispersed metal sites were synthesized using a novel
synthesis method. The synthesis involves solution phase mixing of a carbon-nitrogen containing source
(nicarbazin), a blend of silica templates, and a small fraction of metal nitrate precursor(s) (< 7 wt. % ).
The use of multiple silica sources is thought to create an internal network of hierarchically structured
pores similar to the trademarked VariPore™ application of the sacrificial support method (SSM) utilized
by Pajarito Powder, LLC.?%! The precursors are then mechanically integrated with
polytetrafluoroethylene (PTFE) powder by ball-milling followed by pyrolysis in inert nitrogen
atmosphere, and finally by a second ball-milling and pyrolysis under 10% NH3; atmosphere. X-Ray
Photoelectron Spectroscopy (XPS) survey and Energy Dispersive Spectroscopy (EDS) evidences the
removal of silica by the first pyrolysis and the removal of additional fluorine content by the second
pyrolysis. The removal of fluorinated species and additional creation of micropores during the second
pyrolysis usually greatly benefits the overall electrochemical activity. The re-pyrolysis in the original SSM
has been found to eliminate undesired metal nanoparticles and enhance their dispersion (through
creation of additional M-Ny sites) without altering the total metal concentration on the catalyst surface
or the morphology of the carbonaceous framework.™”!
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The X-Ray Diffraction (XRD) spectra in Fig 1a shows two broad peaks for mixed
graphitic/amorphous carbons at 26" and 44 for (002) and (100) graphitic planes, respectively. Additional
peaks present in all samples indicate the formation of metal carbide, metal nitride, metal oxide, and
metallic nanoparticle phases (Table S1). We may observe by High-Resolution Transmission Electron
Microscopy (HRTEM) that there is a high degree of atomic dispersion (Fig 1d) maintained despite the
presence of auxiliary metallic phases observed by XRD. The FWHM of the (002) peak of graphitic carbon
was used as a measure of the defect density or locations where highly reactive catalyst sites may be
located. The sharpness of the peak is inversely related to the defect density where a broader peak
(higher FWHM) usually indicates a higher defect density.[?°" 202 The defect density and FWHM trend
seen in Fig 1b is Fe-N-C > Ni-N-C > Co-N-C > Mn-N-C. This trend indicates increased occurrence of long-
range disorder and lattice defects for Fe-N-C and Ni-N-C as compared to Co-N-C and Mn-N-C samples.
The FWHM for XRD peaks for representative metallic phases of each M-N-C shows the order of Fe-N-C >
Ni-N-C > Mn-N-C > Co-N-C. The ICP-MS results present the same trend in total metallic loading (wt. %) as
that observed in Figlb (red curve) for the FWHM of representative metallic phases of the M-N-C
catalysts (Figure S2). This agrees well with the Scherrer equation which predicts that an increase in
crystallite size results in a decrease in FWHM of the observed XRD peak. This can be attributed to the
increased tendency (at higher metal loading (e.g., for Co-N-C)) for metallic particles to migrate and
aggregate into clusters/particles during high temperature pyrolysis. 22! The HRTEM data shows the
samples show predominantly only atomically dispersed metal sites although some separate metallic
nanoparticle phases are observable for Fe-N-C (Figure S3). Since, Ni is known to strongly catalyze the
graphitization of carbon, we predict according to previous reports that at metal atom loadings beyond 2
wt.%, the nickel nanoparticles are encased in graphitic shells of carbon which may reduce the
occurrence of HER. 1204
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Figure 4.2. 1: Figure 1: XRD Patterns of M-N-C (M = Fe, Ni, Mn, Co) (a), FWHM(deg.) extracted from XRD
spectra for (002) graphitic carbon and metallic phase(s) (b), SEM image of Ni-N-C catalyst (c), TEM image
of Ni-N-C (d).

The SEM image in Figure 1 c shows that the the blend of silica in Ni-N-C bestows a hierarchical
porosity. A similar hierarchical porosity can be observed for the other M-N-C catalysts (Figure S4) and
the BET adsorption/desorption profile shows behavior characteristic of a Type 4B isotherm. The Barrett-
Joyner-Halenda (BJH) pore size distribution shows a material with a high amount of microporosity and
mesoporosity while the SEM data confirms the additional presence of macropores ranging up to 200-
300 nm in diameter. The BJH pore size distribution presents a broad micro/mesoporous peak
(depending on the blend of silica utilized) which is different from the multimodal or bimodal pore size
distribution conventionally seen for M-N-C catalysts synthesized by SSM. 3% |n order to study the
influence of the silica template on the final catalyst structure and reactivity for CO, reduction, three
different blends of silica template were used for Ni-N-C denoted as Ni-N-C, Ni-N-C (*), and Ni-N-C (**).
The Ni-N-C (*) sample has the low surface area silica template replaced by a moderate and large surface
area template while the Ni-N-C (**) sample has the larger surface area template removed. The
compositions of the different silica blends can be found in supplementary information (Table S2).
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A marked difference in the porosity and surface area is observed between Ni-N-C and Ni-N-C (*)
samples which has a substantial impact on their CO, reduction performance. The wettability of the
catalyst substrates were also investigated by measuring the dynamic advancing and receding contact
angles and calculating the surface energies from the contact angle hysteresis. The surface energy of the
catalysts is found to be ca. 2-4 mN/m independent of the pore size(s) of the samples (Figure S5). The BJH
adsorption pore size distribution is shifted from a broad peak centered at a pore diameter of ca. 2-6 nm
for Ni-N-C to a broad peak at ca. 12-26 nm for Ni-N-C (*) (Figure 2e). The resulting adsorption isotherm
shows a decrease in the calculated BET surface area from 704.1 m?g™ to 462.9 m?g* for Ni-N-C and Ni-N-
C (*), respectively. Additionally, the % microporosity is increased in Ni-N-C vs. Ni-N-C (*) (44.2% vs.

40.6 %, respectively). A shift from a type 4B reversible isotherm for Ni-N-C to a type 4a irreversible
isotherm with characteristic hysteresis for Ni-N-C (*) is observed. The adsorption profile and pore size
distribution for Ni-N-C (**) can be found in supplementary (Figure S6). The samples were also screened
by HRTEM/EDS in Figure 2a in order to ascertain the elemental distribution of the catalysts.

The EDS data evidences the complete removal of the silica template during pyrolysis as only
trace silica remains (Figure S7). Figure 2a shows the HRTEM image of the sample with the red box
indicating the analysis location utilized for EDS measurements. A large contribution from carbon is
observed by EDS in agreement with the large percentage of surface carbon (85-95%) content detected
by X-Ray Photoelectron Spectroscopy (XPS) (Table S3). The nitrogen content is dispersed throughout the
carbon matrix while the Ni signal by EDS shows good mapping onto the nitrogen sites over the same
area analyzed. This suggests the possible existence of metal-nitrogen coordination sites which are
known to correlate with high electrochemical activity. 2% 10205 208 Detajled XPS spectra were obtained
for the N1s spectra to elucidate the nitrogen chemistry of the nitrogen atoms embedded in the carbon
framework. The XPS spectra for the Cls region was also deconvoluted to better understand the surface
carbon chemical composition. A series of fitting peaks were used to fit the N1s and C1s spectra (Figure 2
and Tables S4 and S5), respectively, according to previous publications. [

XPS analysis shows the evolution of the surface elemental composition during the synthesis
process. The notation used here is M-N-C (x/y) where x = the initial temperature (°C) for pyrolysis under
N, atmosphere and y = the second temperature (°C) for pyrolysis under NH; atmosphere while a dashed
line denotes only one pyrolytic step (e.g., M-N-C (900/-) indicates only the first pyrolysis was
performed). There is a marked decrease in the O 1s signal (% atomic concentration (%at.) of oxygen)
after the second pyrolytic step which is accompanied by an increase in the %at. of carbon. The surface
oxygen content decreases in the order of M-N-C (900/-) > Co-N-C > Mn-N-C > Ni-N-C = Fe-N-C while the
surface carbon content is more dependent on the number of pyrolytic steps than the metal substituent
(i.e., M-N-C (900/-) has %at. carbon of ca. 90 % vs. ca. 95 % for M-N-C (900/950)). This decreased oxygen
concentration is mostly likely due to removal of surface oxides including carbon oxides during
repyrolysis. 71 The %at. of nitrogen is between 2-3 % for all samples and does not appear to depend on
the metallic substituent or the number of pyrolysis steps. There is only trace amounts of fluorine (ca.

0.4 %) present after the first pyrolysis which disappears after the second pyrolysis which agrees with
previous studies where volatile SiF, species are removed upon repyrolysis.*®¥ There is only trace silica (<
0.20 at.%) observed for a few of the catalysts and fluorine for Co-N-C (0.22 at. %) while fluorine is
completely absent from the other samples. Ni-N-C shows complete removal of both silicon and fluorine
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from the final sample. Together, the data shows that the method of incorporation of PTFE powder
completely removes the silica hard template and fluorine from the sample with the same effectiveness
as leaching in KOH or HF does in the conventional SSM.[3% 190, 1911

The N 1s XPS spectra was deconvoluted as shown in Figure 2b. All samples show substantial
Metal-Ny coordination at a binding energy of 399.5 eV (8-17 % of total N 1s signal (at.%N)).This agrees
well with EDS observation of metal sites mapping onto nitrogen sites. The predominant peak in the N 1s
spectra for all samples is the pyrrolic nitrogen peak centered at 400.8 eV (26 — 45 at.%N). Both Fe-N-C
and Ni-N-C show a reduction in Metal-Nx upon repyrolysis from ca. 17 % to ca. 13 % for Fe-N-C and from
ca. 17 % to ca. 9 % for Ni-N-C. Additionally, the ratio of pyrrolic N to pyridinic N is unchanged between
pyrolysis steps for Ni-N-C but is substantially reduced for Fe-N-C (Table S4). The increased pyrrolic N
content in Ni-N-C agrees with previous reports that Ni doping causes the formation of pyrrole-type N
species which act as anchoring sites. 2728 This explains the maintenance of a high ratio of pyrrolic N to
pyridinic N between pyrolysis steps. However, no clear correlation is observable at present between the
nitrogen moiety content and the resulting CO2R performance (see electrochemical section for a more
detailed discussion). For example, Ni-N-C has the highest CO; performance but has substantially lower
Me-N, content (8.83 +/- 0.47 %) than Co-N-C (16.25 +/- 0.86 %) which shows far less selectivity for COR.
This suggests that the nature of the metal atom in the catalysts is more impactful than the relative
proportion of nitrogen moieties for influencing the selectivity for CO;R. However, the nitrogen
coordinative environment may allow for an alteration of the reaction pathway for CO, reduction on the
M-N-C catalysts. For example, the rate-determining step for CO2R on Ni-N-C catalysts is thought to be
the formation of *COOH. *%! This process may be aided by a large proportion of pyrollic nitrogen in the
vicinity which allows for the exergonic formation of *COOH.

The C 1s XPS spectra was deconvoluted into several peaks attributable to graphitized sp?
hybridized carbon, amorphous sp® carbon, as well as carbon nitride and carbon oxide moieties (Table
S5). As seen in figure 2c, the catalysts show a high proportion of graphitized carbon which together with
reduced oxide content usually bestows increased electronic conductivity to the material. 2°! The Raman
Spectra also shows evidence of increased relative graphitization with lowered Ip/lg ratios for all M-N-C
catalysts (Figure S8). The graphitization of carbon is known to commence at a temperature of 900 °C in
tandem with the formation of atomically dispersed metal-nitrogen moieties embedded in the carbon
framework. [17:1%% Increased graphitization may aid electron transport to and from the active site during
electrocatalysis. The order of sp?graphite-like carbon content is M-N-C (M = Fe, Ni, or Co) > Mn-N-C
(e.g., for Ni-N-C, % sp? carbon = 61.70 +/- 1.32 %, while for Mn-N-C, % sp? carbon = 40.00 +/- 1.98 %).
This may be explained by the fact that Fe, Ni, and Co nanoparticles and their carbides, formed during
pyrolysis, are known to catalyze the graphitization of carbon. 2% The degree of graphitization also
increased upon re-pyrolysis. For example, sp? carbon content increased from 48.49 +/- 6.2 % for Fe-N-C
(900/-) to 61.51 +/- 2.14 % for Fe-N-C (900/950). This observation is opposite to the decreased sp?
carbon and increased sp® carbon upon re-pyrolysis of M-N-C materials obtained by SSM. ! This may be
due to trace metal nanoparticles remaining in the present method, that were removed by HF etching in
the conventional SSM, which may further catalyze the graphitization of carbon in the second pyrolysis.
The second pyrolysis may increase the degree of graphitization through (i). exposing a greater surface
area of carbon since the silica template has left during the first pyrolysis, (ii). a “cleaning” of the surface
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by re-pyrolysis in reductive atmosphere which may remove surface oxides and expose more of the
carbon framework, or by (iii). re-pyrolysis under higher temperature (950 °C) may allow for a higher
degree of catalytic graphitization as observed during the first pyrolysis of SSM materials (when
increasing from 870 °C to 1180 °C). 4! In addition to increased catalytic stability (e.g., higher corrosion
resistance for graphitized material) after the second pyrolysis, the M-N-C materials also present
morphological stability which is crucial for reactant/product transport during catalysis. 3! SEM images
before and after pyrolysis show that a hierarchical porosity is maintained after the second pyrolysis
(Figure S9).
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Electrochemical Characterization of N-C and M-N-C Catalysts

The electrochemical performance of the M-N-C catalysts was studied and compared to the
state-of-the-art M-N-C electrocatalysts selective for CO;R and considered as benchmark non precious
group metal (PGM) catalysts. The selectivity and activity of the catalysts towards either the CO,
reduction reaction (CO3R) or the hydrogen evolution reaction (HER) was studied as a function of the
metal atom center where M-N-C (M = Fe, Ni, Co, Mn). This activity was evaluated and compared to an
analogous metal-free N-C catalyst synthesized without a metal nitrate precursor.
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Figure 4.2. 3: Figure 3: LSV data obtained at 2 mV/s from 0.0 V to -1.1 V vs. RHE in the cathodic direction

using N2-saturated phosphate buffer solution (PBS) or CO2-saturated KHCO3 for 0.1 mg/cm2 Ni-N-C (a),

the first derivative and second derivative graph inset of the LSV data (b), current density magnitude (mA
cm-2) for CO or H2 for 1.0 mg/cm2 Ni-N-C (c), faradaic efficiency (%) for CO or H2 production (d).
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Firstly, the agueous phase CO;R performance was evaluated for Ni-N-C in a conventional H-cell
arrangement with either N,-saturated PBS or CO,-saturated KHCOj; buffer solution. There is a significant
increase in the observed current density when utilizing CO,-saturated KHCO3 solution which indicates
that Ni-N-C has a high selectivity for CO; reduction and a low selectivity for the HER. The onset potential
for CO; reduction is easier to observe when the derivative of the current density with respect to the
applied potential is plotted (Figure 3b). The onset potential for CO, reduction is very close to the
thermodynamic minimum potential (e.g., Eonset is ca. -0.15 V vs. RHE which requires only ca. 40 mV
overpotential). The second derivative is also plotted in the inset and we can see the value hovers around
zero which indicates the linear portion of the red curve in Figure 3a may be well-approximated by a
straight line. However, there is a slight curvature in the graph and a change in its concavity between ca. -
0.38 V to -0.49 V marked by a change in sign of the second derivative from negative to positive and back
to negative. This is an interesting observation as other studies have shown a continuously increasing FE,
for Ni-N-C at more cathodic potentials instead. *# 24 |t is well known that aqueous phase CO; reduction
faces diffusion limitations due to the low solubility of CO; in aqueous electrolyte (e.g., D2 = 0.0016 vs.
Doz =16.0 mm? s for CO, diffusion in aqueous electrolyte vs. humidified CO; gas).!**? Hence, in order to
study the catalysts’ performance/selectivity under higher current densities, the catalysts were evaluated
in a benchtop gas diffusion electrode (GDE) flow cell.
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Figure 4.2. 4: Figure 4: Proposed mechanism for CO2R vs. HER on Ni-N-C catalyst. DFT calculated free
energies for CO2->COOHads (step 1) for different M-Nx moieties are shown for step 1. [44, 62, 70]

By comparing Figure 3c and the inset graph, we can see the Ni-N-C catalyst produced using the
present method outperforms the benchmark CO-selective Fe-N-C catalyst produced by the SSM in terms
of overall activity (jco = ca. -40 mA vs. jo = ca. -25 mA for Ni-N-C and Fe-N-C, respectively, at -1.1 V vs.
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RHE) and selectivity (FEco = ca. 99 % vs. FE,, = ca. 90 % for Ni-N-C and Fe-N-C, respectively, at -1.1 V vs.
RHE). Interestingly, the new Ni-N-C catalyst shows a considerable selectivity for CO, reduction even at a
low overpotential of ca. 200 mV whereas conventional Ni-N-C catalysts usually require a higher
overpotential to show similar CO3R activity. "%+ 1%% The high selectivity for CO;R at both low and high
overpotential for Ni-N-C may be due to having a multitude of active sites ranging from Ni-N4C to Ni-NoCs
(Figure 4 a and b, respectively) with potential-dependent relative activities.!** 6% 79191 DFT calculated
binding energies from literature are shown in figure 4. 462 2131 At |ow overpotential, the Ni-NoCs site
(site b) may dominate while at high overpotential, Ni-N4C (site a) may provide the increased CO;R
activity. Additionally, both during the aqueous-phase CO, reduction reaction (Figure 3a) and the gas-
phase CO; reduction reaction (Figure 3d), there is an observable decrease in CO3R selectivity at -0.5 V
and then a recovery at more cathodic potentials. This slight decrease in FE, warrants further
investigation and may be due to different factors including varied sensitivity to applied potential of
*COOH and *H adsorption energies which affect the rate of CO,R and HER, respectively. %> 1% When
the potential is made more cathodic than -0.5 V vs. RHE, Ni-N-C shows almost complete selectivity for
CO4R on the potential region up to -1.1 V vs. RHE as shown by a dramatic decrease in the percentage of
H, detected and increase in percentage of CO detected by gas chromatography (Figure S10). We
attribute this to the inaccessibility of liquid electrolyte to nickel nanoparticles encased in graphitic
carbon which prevents the HER from occuring even at highly cathodic potentials. 2%
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Figure 4.2. 5: Figure 5: CO partial current density magnitude plotted vs. applied potential (V) vs. RHE (a),
FEco(%) for the M-N-C (M = Fe, Ni, Mn, Co) and N-C catalysts (b).

The performance of the M-N-C catalysts for CO2R as a function of the metal atom is shown in
Figure 5. The general trend in the selectivity of the catalysts synthesized by the present method agrees
with previous studies on the role of the metal atom in steering CO3R selectivity on M-N-C catalysts. 3%
214 The selectivity of the catalysts for CO, reduction is decreasing in the order of Ni-N-C > Fe-N-C > Mn-
N-C = N-C > Co-N-C. At high overpotential the difference is more pronounced with Ni-N-C far exceeding
the activity and selectivity of the other catalysts. At low overpotential, Fe-N-C is highly selective for CO
production in agreement with previous reports. Fe-N-C shows a similar volcano shaped FE., potential
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dependence and reaches a maximum at a lower overpotential than Fe-N-C synthesized by SSM, however
it becomes more selective for HER at higher overpotential (Figure S11).It is interesting to note that the
metal-free N-C catalyst also shows considerable CO4R activity at moderate overpotential (e.g., N-C has
CO2R activity/selectivity at a potential of -0.7 V vs. RHE that is competitive with both Fe-N-C and Ni-N-C).
The trend in the partial current density for H; (ju2) shows the reverse trend as shown for je. Mn-N-C
shows the highest HER activity followed by Co-N-C. Mn-N-C has a H; partial current density that
increases until -0.9 V and then plateaus. The increased FE., (between -0.5 and -0.7 V vs. RHE) afforded
by Co-N-C is at the expense of a much lower overall current density (i.e., low juz and je). The other
catalysts show monotonically increasing H, production at more cathodic potentials with the exception of
Ni-N-C which shows negligible H, production across the whole potential region from -0.3 Vto -1.1 V vs.
RHE (Figure S12).
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Figure 4.2. 6: Figure 6: Magnitude of partial current density for CO/H2 for Ni-N-C (900/-) (a), Ni-N-C (*)
(b), Ni-N-C (**)(c), metal-free N-C (d).

In addition to the role of the metal subtituent on CO;R performance, it was also desired to
examine how factors such as the number of pyrolytic steps and the porosity influence CO;R
activity/selectivity. If the number of synthesis steps may be reduced with minimal effect on the CO,R
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performance, then the industrial viability of the process is immediately improved. Figure 6a shows the
product distribution using a single pyrolytic step for Ni-N-C (900/-). The catalyst is still highly active for
CO3R as opposed to the HER across the whole potential range analyzed. Ni-N-C (900/-) reaches a jc, of
ca. -16 mA cm™ compared to a je of ca. -40 mA cm for Ni-N-C (900/950). The selectivity after a single
pyrolysis is very comparable to the final catalyst after two pyrolytic steps (e.g., at -1.1 V vs. RHE, FE., =
86.1 +/- 10.4 % for Ni-N-C (900/-) and FE., = 99.1 +/- 0.2 % for Ni-N-C (900/950)) (Figure S13). As well as
the number of pyrolytic steps, the porosity of carbon-based catalysts is known to have a substantial
impact on the electrocatalytic performance. These effects have been widely studied for the oxygen
reduction reaction (ORR) on M-N-C catalysts such as by Liang et al who found increased reactant
transport and ORR performance for macroporous vs. mesoporous material. ?**! Introducing
microporosity as well as meso- and macroporosity can offer the benefits of increased reactant transport
in the macropores and increased surface area and active site utilization due to a higher microporosity
and overall electrochemically active surface area (ECSA). 2217 However in reactions where a
condensable product is produced (e.g., in oxygen reduction to water in ORR), excess microporosity can
cause pores to be blocked by liquid formed at the active site which can drastically limit active site
utilization.

Although the products of CO;R are often gas-phase products, flooding may still occur due to
condensate from humidified CO; or electrolyte flooding through the microporous layer (MPL). 17218l
Hence, porosity is a key factor to vary in tailoring an electrocatalyst for a specific application. The
porosity of metal-free nitrogen-doped carbons was previously investigated and found to be a controlling
factor for influencing the CO2R. Hursan et al studied four different N-C materials which differed only in
pore size from nonporous N-C to NC-13, NC-27, and NC-90 (where the number represents the mean
diameter (nm) of silica colloid precursor) and found that NC-27 offered the optimal pore size for CO;R.
B3] |n an analogous study, we selected three different silica mixtures to impart different pore size
distributions in the final catalysts (Ni-N-C, Ni-N-C (*), and Ni-N-C (**)). The composition of the silica
mixtures can be found in supplementary information (Table S2). The performance of Ni-N-C is
considerably improved compared to Ni-N-C (*) as a higher activity and selectivity for COzR is observed
for Ni-N-C. By contrast, Ni-N-C (**) shows a performance very similar to Ni-N-C in terms of overall
current density and faradaic efficiency for CO formation. The performance of Ni-N-C is enhanced
compared to Ni-N-C (*) due to differences in the pore size distribution and surface area. The pore size is
shifted towards micropores for Ni-N-C which enhances the overall ECSA and increases the active site
exposure which results in a much higher CO,R activity. By contrast the performance of Ni-N-C (**) is not
affected so the combination of Aerosil OX 50 and Stéber spheres (Dayg = 320 nm) seems to provide for
the optimum pore size distribution for CO;R.

In addition to factors intrinsic to the catalyst morphology which may influence reactivity, the
catalyst layer morphology on the gas diffusion electrode itself is also a critical parameter to control. It is
also vital to establish that the reaction products (e.g., H, and CO) are emanating from the cathodic
reaction. Since the counter electrode (anode) in this configuration is carbon-based, it may undergo a
corrosion reaction given a sufficiently positive polarization which may give rise to the CO signal. In order
to test this, several control experiments were performed to assess the influence of the electrolyte
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type/concentration and inlet feed composition (Figure 7e).
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Figure 4.2. 7: Figure 7: H2 and CO partial current densities for Ni-N-C from 0.1 mg/cm2 to 3.0 mg/cm2 at
(a) -0.7 V and (b) -1.1 V vs. RHE. The faradaic efficiency at (c) -0.7 V and (d) -1.1 V vs. RHE, for H2 and CO
formation for Ni-N-C. Electrolyte/inlet feed controls (e) for Ni-N-C (*) at -0.7 Vvs. RHE(A=0.1 M
PBS/N2, B=0.176 M KHCO3/N2, C=0.1 M KHCO3/C02, D =0.176 M KHCO3/C0O2,E=0.5M
KHCO3/C02).

Control A shows that given a pure N; inlet and a non-carbon based electrolyte (phosphate buffer
solution (PBS)), no CO is detected and only small amounts of H; is produced on Ni-N-C (*). Introducing
potassium bicarbonate electrolyte and N, feed allows the production of a small amount of CO owing to
CO; supplied by the electrolyte. The choice of concentration of the bicarbonate electrolyte was made to
ensure the same electrolyte conductivity as the PBS electrolyte. Potassium bicarbonate is widely used
for CO; reduction studies as it is an efficient pH buffer as well as acting as a reservoir of CO; so it may
constantly be replenished to the active site. Some groups have taken advantage of this to avoid the
need to produce a purified CO, stream, and instead to use highly concentrated bicarbonate electrolyte
as the reactant for formate production. [®* %! Finally, the selectivity for CO3R vs. HER was studied as a
function of the concentration of bicarbonate electrolyte. Increasing the bicarbonate electrolyte
concentration results in an increase in the electrolyte buffering capacity as well as a decrease in the
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ohmic resistance (i.e., decreased resistance for ionic transport away from the active site). As a result, the
overall current density for both HER and CO;R increases due to the enhanced ionic transport. In
addition, the selectivity slowly increases towards favoring CO2R over HER as the bicarbonate
concentration increases. This is also seen by Li et al in their investigation of using bicarbonate feed for
formate production (e.g., FEncoo-~ ca. 45 % increases to ca. 60 % when [KHCOs] increases from 1 M to 3
M). ¥ In our case, it may be due to a pH effect from increased buffering capacity since for Ni-N-C, the
rds is suggested to be the formation of *COOH and hence shows a pH-dependent activity. *! In
addition to reaction parameters such as electrolyte type/concentration and inlet feed composition, the
cathodic loading is also important especially when considering industrial applications.

Because the catalyst loading largely dictates the resulting morphology, a catalyst loading study
was performed to see the change in activity/selectivity for CO,R. The modest current density shown
here (jco = ca. 40-45 mA) is substantially higher than the current densities obtained using commercial Ag
nanoparticles and suggests the catalysts here are prime candidates for incorporating in a flow
cell/electrolyzer configuration (e.g., a MEA-based electrolyzer) capable of producing higher current
densities (2. S 14: Figure S14: Comparison of geometric partial current densities with flow cell for Ag-
based and Fe-N-C-based cathodes at 1.0 mg cmgeo catalyst loading in 100 % CO; feed and 0.5 M KHCO3
electrolyte.). The catalyst loading on the cathode and the ink composition (e.g., the ionomer to carbon
ratio) are all vital components to optimize in improving the CO;R performance. 2*°! The affect the
loading may have on the catalyst layer (CL) is based on a change in either the morphology of the CL or
changes in its wetting properties. As the loading increases, the CL thickness increases which can limit the
ability for CO, to diffuse to the active site at very high loadings. Additionally, it will alter the potential
drop across that layer and the resulting selectivity. The method of deposition of the CL (e.g., automated
spray coating, or drop casting), and the evaporation rate of the catalyst ink will also cause morphological
changes in the CL. [

The catalyst loading was studied between 0.1 mg/cm?to 3.0 mg/cm? to observe differences in
the resulting CO,R vs. HER selectivity. At a low loading of 0.08 +/- 0.01 mg/cm?, Ni-N-C shows a FE, of
ca. 34.9 +/- 0.06 % at -0.7 V vs. RHE which increases to 81.1 +/- 0.35 % at -1.1 V. It should also be noted
the rate of HER is slightly increased in Figure 7 due to catalyst ageing of ca. 6 months which most likely
led to nanoparticle agglomeration. Despite this, there is still considerable selectivity for COzR at low
catalyst loading especially when you compare it to the original catalyst selectivity (e.g., FEcoc =99 % at -
1.1 V vs. RHE at 1.0 mg/cm? which after 6 months of catalyst ageing decreases to ca 88 % FE..). At -0.7 V
vs. RHE, there is a steep increase in FE, when the loading is increased from 0.08 mg/cm? to 1.09 +/- 0.05
mg/cm? followed by a more gradual increase in FE., when the catalyst loading is increased to 2.41 +/-
0.01 mg/cm?. This is followed by a decrease in FE,, from 76.5 +/- 13.2 % t0 59.7 +/- 1.2 % FE, at a
loading of 3.01 +/- 0.07 mg/cm?. Interestingly, at -1.1 V vs. RHE, the CO3R selectivity is the same across
the catalyst loading range studied from 0.08 to 2.41 mg/cm?but there is a steep drop in both the CO
partial current density (jco) and FE., when the loading is increased further.

The trend in the partial current density follows a similar trend with some key differences. At -0.7
V, increasing the loading to 3.01 mg/cm? causes an increase in je along with a greater increase in ju,. At -
1.1V, we see the steepest increase in jo, when the loading is increased from 0.08 to 1.09 mg/cm? (e.g.,
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from 10 +/- 0.1 to 44 +/- 0.3 mA cm2). This may be explained by an increase in the number of active
sites and triple phase boundaries which may catalyze the CO,R. The CO partial current density then
reaches a plateau and drops off as the loading is increased from 2.41 to 3.01 mg/cm?. Similarly, Wu et al
found the optimum CL thickness was ca. 9.2 um for Sn-based GDEs, beyond which reactants
experienced increased diffusion resistance. ?2% This suggests the optimum loading for this arrangement
is ca. 1.09 mg/cm? for achieving both high CO,R activity and selectivity. The dropoff in current density at
high loading may be attributed to an increase in the CL thickness to a point where the rate of CO;
diffusion is hindered.

Conclusion

In summary, a novel synthesis method was developed for the acid-free synthesis of M-N-C
catalysts with a high degree of graphitization, atomic dispersion, and catalytically active M-Nx moieties.
The synthesis method provides a promising new route to M-N-C catalysts which may find application in
many electrochemical reactions such as ORR, OER, NRR, and NOsRR. The pore size distribution showed a
large degree of microporosity optimized for CO; reduction compared to the catalysts presenting less
microporosity and correspondingly lower CO2RR activity. The M-N-C catalysts were examined for their
metal-atom dependent selectivity for CO,RR vs. HER for M-N-C (M = Fe, Ni, Mn, Co) vs. metal-free N-C.
The metal-atom dependent selectivity for CO,R proceeded according to Ni-N-C > Fe-N-C > Mn-N-C = N-
C > Co-N-C consistent with the observed metal-atom dependent selectivity of previous M-N-C catalysts.
[7.45] The metal-free N-C catalyst showed a comparable activity/selectivity at a potential of -0.7 V vs. RHE.
The Ni-N-C (900/950) and Ni-N-C (900/-) both show a considerable activity for CO;R reaching a FE, of ca.
99.1 +/- 0.2 % and ca. 86.1 +/- 10.4 % at -1.1 V vs. RHE, respectively. This is encouranging from an
industrial application point of view to reduce the number of pyrolysis steps. The structural and
morphological evolution of the catalysts was shown as well as a potential mechanism for CO, reduction
on the new catalysts. The structural and chemical level evolution of the catalysts before and after
pyrolysis was compared to M-N-C catalysts made by the traditional sacrificial support method (SSM)
which is a thoroughly researched topic. ! 14> % The novel M-N-C catalysts show a large degree of CO;R
vs. HER activity at both low and high overpotential.

Methods
Synthesis of M-N-C and N-C Electrocatalysts

The series of Ni, Fe, Mn, Co, and metal-free M-N-C catalysts were synthesized according to a novel
method. In a given synthesis (e.g., for Fe-N-C), 6.25 g nicarbazin, 0.6 g iron nitrate nonahydrate, and 3 g
silica (composed of 1.25 g LM-150 fumed silica, 1.25 g OX-50, and 0.5 g Stober spheres with average
diameter of 320 nm prepared by Stober’s Method!??!! which involves base-catalyzed hydrolysis of
tetraethyl orthosilicate (TEOS) in a water-ethanol mixture) are dispersed in deionized water, sonicated
for 30 minutes or until homogeneous, and then dried at 45 °C overnight.

The metal nitrate precursor is chosen to ensure the total number of metal atoms in each catalyst is
the same regardless of the metallic substituent according to table S2. The resulting powder is ball-milled
at 10 Hz for 1 hour using a mixture of Agate balls and a calculated mass (m¢(mg)) of Teflon
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(Poly(tetrafluoroethylene), powder (free-flowing), 1 um particle size) based on the wt.% Silica in the
powder above according to the following equation:

o cr
(mass of powder in step 1(mg)) * %
me(mg) = 009 mg silica
mg Teflon

The powder is loaded into a weigh boat and subjected to a pyrolysis under 100 % N, atmosphere
heating from room temperature to 900 °C with a ramp rate of 5 °C/min, and a 180 min hold at 900 °C.
The powder is ball-milled again with Agate balls at 10 Hz for 1 hour. The resulting powder is placed back
into a weigh boat and subjected to the 2™ pyrolysis under a reductive atmosphere of 10 % NHs/ 90 % N,,
with a 10 °C/min ramp rate, and a 30 min hold at 950 °C to obtain the final powder.

Physical Characterization

The structure and atomically dispersed sites of the catalyst was analyzed by aberration-
corrected scanning transmission electron microscopy (AC-STEM) using a JOEL ARM-200F at an
accelerating voltage of 200 kV. The elemental mapping of the catalyst was obtained by energy dispersive
X-ray spectroscopy (EDS) on a FEI Talos F200X at an accelerating voltage of 200 kV, equipped with
superX 4 SSD EDX detectors. The surface morphology and porosity of the catalysts was visualized by
scanning electron microscopy using a FEI Magellan 400 XHR SEM. The surface chemical structure,
valence state and composition was analyzed using X-ray photoelectron spectroscopy (XPS) performed
on a Kratos AXIS Supra spectrometer with a monochromatic Al Ka source. A Rigaku Powder X-ray
diffractometer was used to obtain X-Ray Diffraction (XRD) data for the electrocatalysts. Inductively
coupled plasma mass spectrometry (ICP-MS) was used to quantify the metallic content of the catalysts
and is plotted in Figure S2. N, physisorption was performed on a Micromeritics 3Flex Analyzer at 77K for
BET and pore size distribution data. Pore size distributions were estimated by a Barret, Joyner, and
Halenda (BJH) adsorption model from experimental isotherms using the Kelvin model of pore filling.
Advancing and receding contact angles were measured in polar (ethylene glycol) and dispersive
(diiodomethane) solvent and the contact angle hysteresis was used to calculate the surface free energy.
(531 Raman spectra were collected by a InVia, Renishaw Corp., UK system.

Preparation of the working electrode

A GDE was fabricated by hot pressing a Sterlitech PTFE membrane filter (0.1 um) to a
Freudenberg H23C6 gas diffusion layer (GDL). For a 1.0 mg/cm? loading, the catalyst ink was made by
sonicating 900 uL IPA, 100 uL DI water, 10 mg catalyst powder, and 60 uL 5 wt. % nafion ionmor solution
(in lower aliphatic alcohols). The ink was spray-coated onto the GDE and the loading was obtained from
the change in mass after spraying. Unsupported Ag nanoparticles (particle size < 100 nm) were
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purchased from Sigma-Aldrich which have a 99.5 % (trace metal basis) purity and were used for
comparison.

Electrochemical CO; reduction

The electrocatalytic activity was evaluated using a custom-built gas diffusion electrode flow cell
in a three-electrode configuration (2. S 12: Figure S12: Flow Cell Diagram.). Connection to the
counter/working electrode was made via alligator clips attached to conductive Cu tape. The interelectrode
distance was 0.6 cm and was separated by a liquid electrolyte which was recirculated using an analog
variable speed pump (Core Palmer Masterflex, Model No: SK-07555-00). The liquid electrolyte flow rate
was measured to be 26.1 +/- 1.1 mL min’. The CO, was Research grade 4.8 purchased from Praxair
(99.998%) with < 0.1 ppm CO and < 2 ppm THC (as CH4). Pure CO, was fed to the gas chamber by an Alicat
0-50 sccm mass flow controller (MFC). A 5-channel EC-Lab VSP-300 potentiostat was used for LSV/CA data.
The reference electrode was a Gaskatel™ reversible hydrogen electrode (RHE) and the electrolyte was
either potassium bicarbonate or phospate buffer solution (PBS) electrolyte The electronic conductivity
was measured by a Surpass 3.0 conductivity probe to standardize between PBS/KHCO; measurements.
The faradaic efficiency for the product(s) detected was calculated based on the charge transferred to
obtain the product (CO, H,, or CH4) over the total charge transferred to obtain all products.

FE. = Nl-nl-F
L ZNinl-F

Where, N; represents the number of moles of product detected by either GC or *H NMR, n; represents
the number of moles of e transferred per mole of product produced (e.g., 2 for CO and Hy), and F is
Faraday’s contant (F = 96485 C mol™? of electrons).

Product detection

The gaseous products generated during CO; reduction electrolysis were sampled by
PTFE/rubber septa thermo fischer gas vials and injected into a dual-column gas chromatograph to detect
CO/H; along with any possible CHs/hydrocarbons. An Agilent 7890B Gas Chromatography unit was used
with parallel columns. Each gas sampling vial was purged with the flow cell effluent by means of an exit
needle inserted into the vial to allow the composition of the gas vial to equilibrate with the gas chamber
composition for 30 minutes. An Agilent HP-MOLESIEVE column connected to a thermal conductivity
detector (TCD) using Helium carrier gas was used to quantify CO while the carrier gas was N, using the
same HP-MOLESIEVE column and TCD detector for H, detection. A GS-CarbonPlot column connected to a
flame ionization detector was used to screen for CH4 or other hydrocarbons. *H NMR was performed to
confirm the absence of any liquid products.
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Supporting Information

Fe-N-C

Ni-N-C

Mn-N-C

No. 2theta(deg) FWHM (deg) d-spacing (nm)
1 26.1 5.739 0.348
2 441 2.387 0.207
3 447 2.16 0.196
4 50.8 0.39 0.179
No. 2theta(deg) FWHM (deg) d-spacing (nm)
1 26.0 4.647 0.349
2 441 2.547 0.206
3 44.5 0.329 0.204
4 51.8 0.411 0.176
5 76.4 0.518 0.125
No. 2theta(deg) FWHM (deg) d-spacing (nm)
1 26.1 2.313 0.345
2 44.1 2.669 0.207
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3 44.2 0.302 0.205
4 51.4 0.432 0.177
5 75.8 0.410 0.125
Co-N-C

No. 2theta(deg) FWHM (deg) d-spacing (nm)

1 26.0 4.154 0.349

2 35.0 0.258 0.256

3 36.3 0.227 0.247

4 40.6 0.272 0.222

5 44.0 3.637 0.208

6 58.7 0.437 0.157

Table 21: Table S1: XRD peak assignment for M-N-C (M = Fe, Ni, Mn, Co) samples where Fe-N-C shows peaks at 44.7, and 50.8
for (111), (200), respectively, for both iron and iron nitride phases; Ni-N-C shows peaks at (44.5, 51.8, 76.4) for (111), (200),
(220) peaks respectively, for nickel and nickel carbide; Mn-N-C shows manganese carbide peaks at 44.2, 51.4, 75.8 deg for
(511), (600), (660), respectively; and Co-N-C shows auxiliary peaks for Cobalt carbide, cobalt nitride, cobalt oxide and cobalt
nanoparticles.

Metallic Substituent Metallic Precursor Mass of Catalyst # Metal Atoms * 10%°

Fe Iron (Ill) nitrate 0.600 8.944
nonahydrate

Ni Nickel () nitrate 0.432 8.944
hexahydrate

Mn Manganese (Il) 0.426 8.944

nitrate hexahydrate

Co Cobalt (Il) nitrate 0.432 8.944

hexahydrate
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Sample Nicarbazin Stober Aerosil OX Aerosil 90 Cab-0-Sil Aerosil 200
(g) Sphere (Dayg 50 (g) (8) LM-150 (g) (g)
=320 nm)
(8)
M-N-C (M = 6.25 0.5 1.25 -- 1.25 --
Fe, Ni, Mn,
Co)
Ni-N-C (*) 6.25 0.5 -- 0.9375 1.25 0.3125
Ni-N-C (**) 6.25 0.5 2.5 -- -- --
Table 22: Table S2: Precursor composition for the M-N-C catalysts.
Sample Fe-N-C Ni-N-C Mn-N-C Co-N-C FeNCpyrl NiNCpyrl
0] 2.73+/-0.42 | 2.23+/-0.10 | 4.22+/-0.70 | 6.76+/-0.49 | 6.02+/-0.87 | 5.57+/-0.42
C 93.87+/- 95.48+/- 93.91+/- 90.03+/- 90.25+/- 91.38+/-
0.32 0.12 0.78 0.35 0.40 0.10
N 3.19+/-0.11 | 2.26+/-0.07 | 1.86+/-0.16 | 2.98+/-0.20 | 3.32+/-0.45 | 2.64+/-0.40
Si 0.20+/-0.03 -- -- -- -- --
F -- -- - 0.22+/-0.05 | 0.42+/-0.06 | 0.38+/-0.01
Me 0.03+/-0.02 | 0.03+/-0.00 -- -- - 0.03+/-0.01
Table 23: Table S3: Surface elemental composition as detected by XPS in % atomic concentration.
Sample Fe-N-C Ni-N-C Mn-N-C Co-N-C FeNCpyrl NiNCpyrl
1 29.18+/- 19.39+/- 14.68+/- 23.77+/- 24.01+/- 17.12+/-
1.29 0.94 0.49 2.06 1.12 2.03
2 13.14+/- 16.25+/- 17.23+/-
1.14 8.83+/-0.47 | 9.38+/-0.66 0.86 0.91 17.07+/-0.9
3 26.50+/- 40.324/- 45.12+/- 35.64+/- 39.55+/- 40.51+/-
0.92 1.67 0.47 3.89 1.88 1.91
4 14.63+/- 18.62+/- 16.90+/- 12.38+/- 12.31+4/-
1.17 0.97 0.38 0.46 9.37+/-0.55 0.57
5 8.03+/-0.19 | 8.03+/-0.86 | 8.41+/-1.25 | 7.12+/-1.02 | 6.93+/-1.94 | 6.37+/-0.99
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6

4.24+/-1.00

3.72+/-0.50

3.86+/-0.16

3.19+/-0.48

2.25+/-0.11

3.48+/-0.54

7

4.28+/-1.45

1.08+/-1.07

1.66+/-0.03

1.65+/-1.65

0.67+/-1.22

3.14+/-1.9

Table 24: Table S4: Nitrogen component fitting for M-N-C samples. % Atomic concentration of N 1s signal for 1: pyridinic N
(398.2 eV), 2: N-Mex (399.5 eV), 3: pyrrolic N (400.8 eV), 4: graphitic N/ protonated N (401.6 eV), 5: bulk N-H (402.8 eV), 6, 7:

NOx species (404.1 eV and 405.6 eV).

Sample Fe-N-C Ni-N-C Mn-N-C Co-N-C FeNCpyrl NiNCpyrl
1 61.51+/- 61.70+/- 40.00+/- 46.94+/- 58.19+/-
2.14 1.32 1.98 6.59 48.49+/-6.2 2.01
2 26.17+/- 21.62+/- 13.07+/-
5.74+/-1.04 | 8.36+/-1.61 1.63 5.29 20.1+/-1.33 2.84
3 10.26+/- 15.08+/- 13.21+4/- 12.19+/-
1.24 8.88+/-0.35 0.49 1.64 0.58 9.66+/-1.73
4 5.28+/-0.31 | 3.79+/-0.40 | 5.09+/-0.42 | 4.65+/-0.45 | 4.57+/-0.39 | 3.51+/-0.49
5 4.67+/-0.32 | 4.88+/-0.15 | 3.33+/-0.58 | 4.26+/-0.36 | 4.68+/-0.33 | 4.77+/-0.17
6 6.25+/-0.21 | 6.08+/-0.14 | 6.93+/-0.17 | 6.32+/-0.20 | 6.32+/-0.21 | 6.13+/-0.29
7 4.01+/-0.21 | 4.06+/-0.10 | 2.28+/-0.05 | 2.14+/-0.35 | 2.35+/-0.06 | 2.81+/-0.38
8 2.27+/-0.16 | 2.25+/-0.07 | 1.15+/-0.10 | 0.88+/-0.28 | 1.31+/-0.2 | 1.86+/-0.08

Table 25: Table S5: Carbon component fitting. % Atomic concentration of C 1s signal for 1: sp2 carbon (284.6 eV), 2: sp3 carbon
(285.1 eV), 3: C-N (286.0 eV), 4: C-O (287.1 eV), 5: C=0 (288.3 eV), 6: COOH (289.7 eV), 7,8: - t* shake up (291.3 eV, and 292.9

eV).
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Figure 4.2. S 1: Figure S1: Proposed mechanism for in situ silica removal (* route) during pyrolysis for one-pot M-N-C synthesis.
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Figure 4.2. S 2: Figure S2: The FWHM (deg.) of representative metallic XRD peak shown in Fig 1b plotted vs. the total metallic
content in weight percentage as measured by inductively coupled plasma mass spectrometry (ICP-MS).
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Nitrogen Nickel

Figure 4.2. S 3: Figure S3: (A, B, and C) HRTEM and EDS spectra (red inset) for Ni-N-C. (D). HRTEM image of Fe-N-C nanoparticle.

145



Magellan

>

-

276 ym | 18.00kV | 0.10 nA | TLD ) X 0% | 2,07 ym | 20,00 kV | 0.10nA | TLD | 100 000 x

Figure 4.2. S 4: Figure S4: SEM of Ni-N-C (A), Fe-N-C (B), Mn-N-C (C), Co-N-C (D).
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Ni-N-C  Ni-N-C (*) Ni-N-C(**)

Figure 4.2. S 5: Figure S5: Surface free energy of Ni-N-C catalysts using three different pore-forming silica mixtures shown in

Table S2.
0.8

<324 = Adsorption . =
CDZB ®  Desorption [ ’

r— n [ ]

g { BET S.A. = 585.4 m?/g a — 10.6

244 Micropore Area = 237.5 m?/g -
o
~ 20+ >
]
T 16 .t 104
u

,-é‘ 12 M -

E 8' s .l..

© — d .,I'".“m

S 44 10.2
(@)

0 T T T T T T T
0.0 2 .04 06 08 .0 1 . 100
F?e%atlve Pressure (p/pOB pore diameter (nm)

Figure 4.2. S 6: Figure S6: BET Adsorption isotherm and BJH pore size distribution for Ni-N-C(**).
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Element Atomic Fraction (%) Mass Fraction (%) Fit Error (%)

C 91.49 88.75 0.48
N 3.25 3.68 0.02
O 4.54 5.87 0.15
Na 0.10 0.19 0.24
Si 0.56 1.26 0.08
Fe 0.06 0.25 0.37
4000 Tp
|~ Si
3000 + h{]
2000 +| Fe Au
1000 + N2 A Au
! Fe
0 ——— ey 'AQ-_-
0 1 2 3 4 5 6 7 keV

Figure 4.2. S 7: Figure S7: EDS Quantification for Fe-N-C.
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Figure 4.2. S 8: Figure S8: Raman spectra for M-N-C catalysts (A = Ni-N-C, B = Fe-N-C, C = Mn-N-C, D = Co-N-C) with characteristic
E2g vibrational mode at ~1581 cm-1(G-band) while disordered carbon shows a peak at ~1350 cm-1(D1-band) fitted according to
previous publications. [163, 222]
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Figure 4.2. S 9: Figure S9: SEM image of Ni-N-C (900/-) (a) and SEM image of Ni-N-C (900/950) (b).
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Figure 4.2. S 10: Figure S10: (a) Sample CO calibrant gas with CO elution (7.75 min +/- 0.1 min) peak area. (b) Sample H2
calibrant gas with H2 elution (2.35 min +/- 0.1 min) peak area. (c, d) Reactor effluent at -1.1 V vs. RHE cathodic potential for
novel Ni-N-C at 1.06 mg/cm-2 catalyst loading. This corresponds to 36.1 mA cm-2 CO partial current density and 0.3 mA cm-2

H2 partial current density or FEco = 99.3 %, and FEH2 = 0.7

%.
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Figure 4.2. S 11: Figure S11: Comparison of faradaic efficiency for CO formation for Fe-N-C synthesized by the present method
vs. the sacrificial support method (SSM).
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Figure 4.2. S 12: Figure S12: Partial current density magnitude for H2 for the M-N-C catalysts and N-C catalyst.
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Figure 4.2. S 13: Figure S13: Faradaic efficiency for CO and H2 formation for Ni-N-C (900/-).
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Chapter 3: Outlook/Perspective on the Dynamic Template Removal Synthesis

The emerging Dynamic Template Removal synthesis technique as a route towards metal-
nitrogen-carbon catalysts holds promise in the context of non-PGM carbon-based catalysts for ORR/fuel
cell as well as CO3R applications. The ability to arrive at a metal-nitrogen-carbon catalyst with similar

electrocatalytic characteristics via a new route further bolsters their status as benchmark non-PGM
candidates. As mentioned in part 2 of the introduction (p.12), the synthesis route towards a metal-
nitrogen-carbon catalyst with a high degree of atomic dispersion, graphitization, and favorable chemical

motifs for CO, reduction is important from an industrial point of view of scaling up the proposed

synthesis (Table 12).

pyrolysis (HT) 900 °C N,,
acid-wash (AW) in2 M
sulfate acid

high FEc, (85%)

Catalyst Synthesis Method Performance Abundance/scale- Reference
up/harsh solvent
Fe/Phen/Z8- Soft-template; ZIF-8; 0.91 Wcm2at 2.0 Generally Jaouen et al.
derived Fe-N-C 1,10 Phenanthroline A cm? (plateau) abundant [222]
(Phen), iron acetate; comparedto 1.14  precursors, ZIF-8
solvothermal W cm?for Pt at is commercially
EtOH/water, ball mill, 2.0Acm? available but most
flash pyrolysis 1050/950 (continuously expensive
°C Ar/NH3 increasing) component (47.5
$g?)
Ni-N-C Sacrificial polymer; High Throughput = Abundant Moller et al.
aniline, metal chloride, ~ CO production: jco precursors, [44]
APS, HCI, Ketjen Black; >200 mA cm?in synthesis: HT-AW-
solvothermal; ball mill, CO; electrolyzer at HT-AW-HT

requires 2X acid
wash steps
requiring large
acid disposal
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M-N-C (M =Fe,  Space-confinement- Fe-N-C: FE,, =55,  Abundant Pan et al. ¢
Ni, Mn, Cr, Co) assisted molecular-level 86,19 % at-0.3,-  precursors, no
complexing; urea, citric  0.5,-0.9 Vvs. RHE acid-wash step
acid, metal nitrate, (max FE., =86 %); mentioned
pyrolysis 900 °C Ar
Ni-N-C: FEo= 89,
96, 81 % at -0.6, -
0.75, -0.97 V (max
FEco = 96 %)
M-N-C (M =Mn, Sacrificial polymer; 4,4’-  Fe-N-C: FE.= 20, Abundant Ju et al. 213
Fe, Co, Ni) Dipyridyl hydrate, metal 65, 19 % at -0.38, - polymer and
chloride, carbonized 0.52, -0.78 V vs. precursor(s),
500 °Cin Ar HNOs3 leach  RHE (max FE= necessitates two
for N-C; 65%); acid wash step(s)
Metal introduced and heating under
through wet- Ni-N-C: FEc= 6.9, reflux
impregnation, pyrolysis 84,69 % at -0.41, -
900 °Cin Ar, acid reflux  0.76, -0.83 V vs.
wash RHE (max FEc=
84%)
Ni-N-GS Electrospinning of FE©w=8,93,39%  Abundant Jiang et al. 161
(graphene polymer solution at-0.44, -0.82, - precursors,
spheres) followed by 0.98 V vs. RHE electrospinning

carbonization;
polyacrylonitrile,
polypyrrolidone, DCDA,
Nickel nitrate, DMF
heated under stirring,
electrospun to produce
nanofibers (NF), NF
pyrolysis 750 °C in H,,
acid wash HCI (37
wt.%)(2X)

(max FE,, =93.4
+/-2%at-0.82V
vs. RHE)

increases process
complexity,
requires atleast 2
acid-wash steps in
concentrated HCl
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Ni-N-C PANI fiber grown on For the champion  Abundant Wang et al.
carbon paper (CP) in Ni-N-C carbonized  precursors, [223]
acidic electrolyte, at 1100 °C: complexity of
cathodic reduction, aqueous-based
immersed in Ni(CN)s> to  FE.= 57, 86, 89, cathodic
tether Ni?* ions by anion 11 % at-0.6,-0.7,- reduction,
exchange rxn., 0.8,-1.1Vvs.RHE requires acid-
carbonized btw. 700- (max FE,,=89 % at  wash step
1200 °Cin N, followed -0.8 V vs. RHE)
by AW
Fe Low-temperature For Fe-based Abundant Arechederra
phthalocyanine- hydrothermal synthesis  catalyst: Eyzin 1 precursors, mild et al. (224
doped carbon (250 °C) for CNT, M KOH of -0.210V  hydrothermal
nanotubes Ph/CNT, Fe/Ph/CNT, vs. Hg\HgO synthesis
(CNT) Co/Ph/CNT compared to - conditions,
0.197 V for Pt requires several
Co acid-wash steps
phtalocyanine- For Co-based using 1:1 HNOs/
doped CNT catalyst: Eyj2 = - HCI (aqua regia)
0.050V
Fe-N-C Low-temperature GLU-IMID-C-5 has  Abundant Gokhale et al.
hydrothermal synthesis; Ei2~0.7Vin O,  precursors, mild [225]
Glucose, 2-methyl satd. 0.5 M H,SO,  hydrothermal
imidazole, zinc nitrate, conditions,
iron nitrate at 200 °C for pyrolysis (X2),
24h, pyrolysis X2 (950 Requires acid-
°C) in Ha then NH; , AW wash in dilute
nitric acid
Atomically Ni-N  NiSAs/FN-CNSs FE, =6.9,99.8, Abundant Wang et al.
single sites on synthesis mixes PTFE, 83.4,68.4 % at - precursors, using (2%
carbon melamine, nickel 0.3,-0.8,-1.1,-1.2 no PTFE, leads to
nanosheets acetate, pyrolysis(X2), V vs. RHE NP/nanotube,
(NiSAs/FN-CNSs) 600 °C followed by 900  (max FE, = 99.8 increasing

°C

%)

PTFE/melamine
reduces NP and
forms CNS
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Fe-N-C Sacrificial support FE.o=82.4,94.6, Abundant Delafontaine

method; optimized 96.3,95.7,90.6 %  precursors, et al.

blend of silica (Stober at-0.3,-0.5,-0.7,- process: chemelectro-
spheres, Aerosil OX50, 0.9,-1.1Vvs.RHE  BM/Pyr/BM/Pyr, chem
Cab-0-Sil LM150), Requires acid

nicarbazin, metal leaching step in

nitrate; wet concentrated HF

chemistry/solvothermal
mixing, ball mill (BM),
pyrolysis (pyr) (7% Ha),
975 °C, pyr 10% NHs,

950 °C
Fe-N-C, Novel dynamic template Fe-N-C: Abundant This Work
Ni-N-C removal method, FE.,=72, 87.8, precursors,

optimized blend of 80.4,77.1,54.3%  process:

silica, nicarbazin, metal ; BM/Pyr/BM/Pyr

nitrate, wet No acid leaching

chemistry/solvothermal, Ni-N-C:
ball mill with PTFE, pyrl  FEc.= 84.5, 74.2,
(100 % N3), 900 °C, pyr2  95.6,97.8,99.1 %;
(10% NHs)
At-0.3,-0.5,-0.7, -
0.9,-1.1Vvs. RHE

Table 26: Comparison of different synthesis methods in literature for M-N-C catalysts to the novel
method presented in this section with an emphasis on their performance for CO,R and/or ORR and the
ease in industrially scaling up the synthesis.

In terms of the performance of the catalysts for CO; reduction, the Ni-N-C synthesized by the
novel process presented here shows higher selectivity and activity for CO, reduction to CO than the
competing catalysts in the literature without the use of any harsh solvents. The synthesis of Wang et al
is similar and leads to single atom Ni sites dispersed on carbon nanosheets but has a lower selectivity at
low overpotential for CO;R (e.g., 7 % FEc vs. 85 % FE for the present method). 22%! Additionally, it
shows the same high maximum COR selectivity of ca. 99% FE., but decreasing CO,R selectivity at more
cathodic potentials. Further, the ability to tailor the pore size distribution (PZD) through varying the
precursor silica blend offers a tunable parameter for influencing the final catalyst porosity in the same
way which materials synthesized by the SSM have variable PZD.

It is interesting to note that, while the metal atom substituent is a key factor influencing the M-
N-C catalyst selectivity (thought to be through variations in the metal d-band center) and yields a
selectivity consistent with literature : Ni-N-C > Fe-N-C > Mn-N-C = N-C > Co-N-C, the porosity is a key
factor influencing the CO3R as well as ORR activity. For instance, in Figure 4.2. 6: Figure 6: Magnitude of
partial current density for CO/H2 for Ni-N-C (900/-) (a), Ni-N-C (*) (b), Ni-N-C (**)(c), metal-free N-C
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(d).(-0.3 V vs. RHE), both Ni-N-C (*) and Ni-N-C (**) have less CO.R selectivity than when the optimized
silica blend is used in Ni-N-C. One reason may be that the active sites available in Ni-N-C (*)/Ni-N-C (**)
are more kinetically limited and hence require higher overpotentials. Additionally, the CO;R activity
order of Ni-N-C ~ Ni-N-C (**) >> Ni-N-C (*) at high overpotential (-1.1 V vs. RHE), seems to point to the
fact that Stober spheres and Aerosil OX-50 are the key pore-forming agents for enhancing CO,R
activity/selectivity (Table 22: Table S2: Precursor composition for the M-N-C catalysts. Additionally, we
can see how the morphology affects the ORR activity. The trend in % peroxide formation as detected by
RRDE for the novel M-N-C catalysts as a function of catalyst loading seems to point to a two-step ORR
mechanism. At low catalyst loading of 50 pg cm, we see a high 30-35 % H,0, formation which drops to
5 % H,0; at high catalyst loading of 600-700 pug cm (Figure 4.1. 5: Figure 5. Accelerated durability test
on RRDE conducted on FeAD-N-CAF-BM with a loading of 700 pug cm-2 and Pt/C with a loading of 60 pg
cm-2in 0.1 M HCIO4 at 1600 rpm. (a) ORR polarization curves and (b) E1/2 before and after potential
cycling. The catalyst loading trend suggests that a 2e- reduction of O, to H,0, followed by a subsequent
2e- reduction to H,O mechanism is occurring. This is because at low loading, the peroxide formation is
high but as the loading is increased, the peroxide residence time is increased as the catalyst layer
thickness is increased so that it may react further to completely reduce to H,0. As peroxide formation
can have a negative impact on catalyst stability!*®Y, this is an interesting observation which warrants
further investigation. The half-wave potential indicates favorable ORR activity in alkaline (0.1 M KOH,
E12=0.81 V vs. RHE) and acidic media (0.1 M HCIO,, E1/2= 0.73 V). Despite this sequential ORR
mechanism, the catalyst stability as measured by RRDE remains exceptional. A reduction in E1; of only
1.4 % (4.1 % for Pt/C) and 2.1 % (6.0 % for Pt/C) is observed for Fe-N-C (loading = 700 ug cm™) at 5000
and 10000 RRDE cycles, respectively.

The high catalytic stability may be attributed partly to the high level of bulk graphitization as
measured by Raman (Figure 4.2. S 8: Figure S8: Raman spectra for M-N-C catalysts (A = Ni-N-C, B = Fe-N-
C, C = Mn-N-C, D = Co-N-C) with characteristic E2g vibrational mode at ~1581 cm-1(G-band) while
disordered carbon shows a peak at ~1350 cm-1(D1-band) fitted according to previous publications. [163,
222] as well as surface graphitization as measured by C1s XPS analysis (Table 25: Table S5: Carbon
component fitting. % Atomic concentration of C 1s signal for 1: sp2 carbon (284.6 eV), 2: sp3 carbon
(285.1 eV), 3: C-N (286.0 eV), 4: C-0 (287.1 eV), 5: C=0 (288.3 eV), 6: COOH (289.7 eV), 7,8: - n* shake
up (291.3 eV, and 292.9 eV). The catalysts show a high proportion of pyrrolic N which is observed to
preferentially anchor Ni atoms (to a greater degree than Fe atoms), and thereby maintain high pyrrolic N
content between pyrolysis steps (Table 24: Table S4: Nitrogen component fitting for M-N-C samples. %
Atomic concentration of N 1s signal for 1: pyridinic N (398.2 eV), 2: N-Mex (399.5 eV), 3: pyrrolic N
(400.8 eV), 4: graphitic N/ protonated N (401.6 eV), 5: bulk N-H (402.8 eV), 6, 7: NOx species (404.1 eV
and 405.6 eV). In an analogous study to Artyushkova et all**”, the N-moiety content remains a point for
future optimization to change the Me-Njy, and N-moiety content by utilizing alternative N, C sources to
observe the influence on the electrocatalytic activity. The pyrolysis conditions remain a point of further
optimization too, as the ramp rate, pyrolysis atmosphere, and total mass loss during pyrolysis have

major implications on the final catalyst performance. 17, 146:147]

As an additional variable to optimize, the Teflon/silica weight ratio has major implications on the
final surface area, pore size distribution, and resulting performance. With increasing Teflon/silica weight
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ratio and increased carbonization duration, Liang et al found increased surface area (through increased
microporosity) for hierarchical porous carbons (HPC) derived from Indicalamus leaves. **”! Teng et al
took advantage of Teflon’s insolubility in water and ethanol to form mesostructured silica-resin
composites via evaporation-induced self-assembly and subsequent pyrolysis. They utilized both a soft
template (Pluronic F127), and hard template (silica (TEOS)) which upon mixing with Teflon and
carbonizing, lead to ordered mesoporous carbons by removal of soft/hard template simultaneously.
Importantly, the F127 soft template imparts larger mesopores (4.5 nm) while the silica template imparts
smaller mesopores (2.4 nm) for formation of a bimodal mesoporous carbon with high microporosity and
overall surface area. [**8 This presents an opportunity to be applied for M-N-C syntheses for combined
soft-template and hard-template M-N-C synthesis by the dynamic template removal process.
Additionally, other routes could be adapted to this new synthesis such as that explored by Shui et al for
combined sacrificial polymer and sacrificial MOF M-N-C synthesis. 2®! The dynamic template removal
synthesis presents opportunities for integration into existing M-N-C synthesis as well as further
optimization for the development of advanced non-PGM based catalysts The manufacturing scalability
of the synthesis is immediately improved compared to the competing syntheses as the precursor
components are readily available, low-cost, and may be integrated via solvent-free mechanochemical
mixing. The new catalysts present excellent COzR performance and ORR performance/stability
compared to the state-of-the-art non-PGM M-N-C catalysts. The next step in evaluating the newly
synthesized catalysts for industrial applications is to evaluate them under more realistic MEA-based fuel
cell/electrolyzer vs. RDE/flow-cell environments. Fortunately, the synthesis presents the opportunity for
fast and efficient iteration through different synthesis conditions for the production of a highly efficient
and selective M-N-C catalyst tailored for a specific electrochemical reaction.
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