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Green Foundation Box Requirements

1. How does your work advance the field of green chemistry?

Our work advances reactive carbon capture by integrating CO, capture from dilute sources with electrocatalytic conversion to
CO using earth-abundant materials, reducing dependence on energy-intensive purification and precious metals.

2. Please describe your specific green chemistry achievement, either quantitatively or qualitatively.

We achieved a Faradaic efficiency of 83% for CO production using a Ni single-atom catalyst (Ni-SAC) in ammonium bicarbonate
medlia, significantly outperforming conventional Ag cathodes, which suffered from NH,* poisoning.

3. How could your work be made greener and be elevated by further research?

Future research could enhance sustainability by integrating renewable NHz sources, improving Ni-SAC synthesis via greener
precursors, and scaling the RCC-electrolysis system powered by renewable electricity.
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Electrochemical Reduction of Ammonia Captured CO, to CO over
Nickel Single-Atom Catalyst
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Carbon reactive capture and conversion offers a sustainable route to valuable chemicals and fuels while aiding Green House

DOI: 10.1039/x0xx00000x Gas (GHG) reduction. Direct electrochemical conversion of capture solutions like bicarbonate avoids the energy demands of
conventional CO, regeneration. Ammonium bicarbonate (NH,HCO3) is particularly attractive due to its low decomposition
temperature and ability to supply in-situ CO, from dilute sources without requiring purified CO,. Meanwhile, single-atom
catalysts (SACs) with nitrogen-coordinated metal sites further enhance CO, reduction efficiency using earth-abundant
materials. In this study, we demonstrate a nickel single-atom catalyst (Ni-SAC)-based electrolyzer that utilizes NH4HCO; as
the CO; source, achieving significantly improved CO production performance compared to the conventional silver cathodes
used in CO;, reduction reaction (CO2RR) to CO. The Ni-SAC cathode exhibited a Faradaic efficiency of 60.1% for CO production
at —200 mA cm™2, while the silver cathode achieved only 2%, likely due to ammonium-induced poisoning. Furthermore, the
integration of a customized microporous layer onto the electrode significantly increased the Faradaic efficiency from 64%
to 83% at —100 mA cm™2, emphasizing the crucial role of electrode structure optimization in enhancing CO selectivity. These
findings demonstrate a sustainable and economically viable strategy for green CO production directly from CO, capture
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solutions.

Introduction

The development of efficient carbon capture and utilization
(CCU) technologies has been reorganized as a critical strategy
for achieving carbon-neutral economy.! Among them, the
electrochemical CO, reduction reaction (CO2RR) driven by
renewable electricity offers a promising approach for
converting CO, into valuable products. However, most
electrochemical CO,RR studies have focused on pure gas-phase
CO, feed systems, despite their high cost and significant energy
demands.? 3 This is particularly concerning given that direct air
capture (DAC) can account for up to 90% of total energy
consumption in the capture process, primarily due to the CO,
regeneration and compression steps.* > A promising alternative
is the direct electrochemical conversion of CO, from an aqueous
carbon-captured solution, enabling the production of valuable
products via the in-situ release of CO, (i-CO,).> ¢ This strategy
can substantially reduce the overall energy requirement,
approximately ~100 kJ/mol CO,, by eliminating the need for
energy-intensive CO, regeneration.”

Organic amine systems and (bi)carbonate-based systems
have been proposed for CO, capture and subsequent reduction.
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However, the amine-based media face several challenges,
including the difficulty of cleaving the C—N bond in carbamate,®
and the limited scalability of aqueous amine absorption, which
restricts their use primarily to coal or natural gas power plants.®
In contrast, bicarbonate-based systems offer lower energy
consumption and reduced environmental impact, owing to
their lower heat of adsorption/absorption (~40 kJ mol™)
compared to that of amines (~60—90 kJ mol?).1% 11 Significant
efforts have been made to advance catalyst design, 1?4
optimize local reaction environment!®, and elucidate cation
effects!® in bicarbonate electrolysis systems, with much of the
focus centred on potassium bicarbonate (KHCO3) electrolysis
for CO and formate production.’-*° However, generating KHCO;
during the carbon capture typically requires the use of a strong
alkali, such as potassium hydroxide (KOH), which can pose
environmental contamination risks. NH; offers
advantages in terms of environmental manageability and
process integration. NHs-based processes typically produce less
corrosive and more recyclable waste streams due to efficient
solvent regeneration, whereas spent KOH solutions require
energy-intensive neutralization to mitigate the risk of persistent
high-pH contamination. Therefore, under well-controlled
conditions, NH3 serves as a more environmentally manageable
and regenerative alternative.

The U.S. DOE has proposed investing in a new integrated
strategy known as reactive capture and conversion (RCC), which
combines CO, capture from dilute CO, gas streams with its
conversion into value-added products, thereby eliminating the
need for a purified CO, intermediate stream?°. We propose that
ammonium bicarbonate can serve as a pivotal chemical medium

several
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to enable efficient RCC process by capturing diluted CO, using
green ammonia and subsequently upgrading it into valuable
carbon chemicals. Ammonia is the second largest chemical
commodity, with annual production exceeding 6 million tons??,
and green NHs can be synthesized from common agricultural
and industrial nitrogen wastes. A sustainable approach to
upcycling waste nitrogen (NOs™-N) through low-concentration
NO;~ electrodialysis has been demonstrated, successfully
producing NH; via electrochemical NO3~ reduction. 22Utilizing
NH; as a reactive CO, capturing agent presents a more
economical and environmentally friendly alternative. Notably,
NH4HCO3 requires significantly less energy to release CO, due to
its lower thermal decomposition temperature of 36 °C,
compared to 150 °C for KHCO3 23 In addition, the market price
of NH3 (USD 0.46 kg1)?* is substantially lower than that of KOH
(USD 0.91 kg1)?> or monoethanolamine (MEA, USD 1.57 kg™),
26and NH; exhibits lower toxicity compared to KOH.23
Currently, extensive research has focused on noble metal-
based electrocatalysts, such as gold and silver, for CO,RR to CO,

including their application in bicarbonate electrolysis systems.'

16, 2729 However, these catalysts are not economically feasible
for large-scale implementation. This presents a major challenge
for using ammonia as a carbon-capture medium, as NH4* is
inevitably produced during the neutralization of acidic gas CO,.
In recent years, single metal site catalysts, coordinated with
nitrogen ligands and embedded in carbon supports, have
emerged as a promising alternative.3%-33 Among these, Ni single
atom catalyst (Ni-SAC) has gained enormous attention due to its
remarkable CO,RR activity and CO selectivity compared to
conventional metal catalysts.?% 30 3L 34 35 Thjs novel
electrocatalyst overcomes the limitations of the
aforementioned noble catalysts. Remarkably, unlike bulk nickel
catalysts, Ni-SAC has demonstrated greater resistance to
poisoning in organic amine-rich environments3®, suggesting its
potential suitability for ammonia-mediated carbon capture and
reduction.

Herein, we studied the CO,RR to CO in a bipolar membrane
(BPM)-based membrane electrode assembly (MEA) electrolyzer
employing a Ni-SAC as the cathode catalyst and NH4HCO3 as the
reactive CO, medium. We demonstrated that NH;HCO3; can
effectively serve as a reactive medium for CO, reduction to CO,
achieving a high Faradaic efficiency (FE). The Ni-SAC catalyst
outperformed a commercial silver nanoparticle (Ag-NP) catalyst
in NH4HCO3 electrolysis, exhibiting superior resistance to NH,*
poisoning. By optimizing the Ni-SAC electrode structure and
operating conditions, including substrate architecture and
operating temperature, we achieved a FE¢o of 60.1% at a
current density of —200 mA cm2, along with a stable operation
for 10 hours at =50 mA cm=2. Continuous regeneration of HCO3~
and pH stabilization by sparging CO, gas into NH4;HCOs; solution
further contributed to the sustained performance of the
electrolysis system.

Experimental

Materials

2| J. Name., 2012, 00, 1-3
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Nickel(ll) acetylacetonate (95%), carbon tefrachloride
(99.9%), and ethylenediamine (99.5%) Wetd PGFeHasedOfrom
Millipore-Sigma. Trace-metal grade hydrochloric acid (HCI) and
hydrofluoric acid (HF) were purchased from Fisher Scientific.
Carbon paper (Sigracet 39BB, and Freudenberg H23), anion
exchange ionomer (Sustainion XA-9 lonomer, 5 wt%), and
bipolar membrane (Fumasep FBM) were purchased from Fuel
Cell store. Isopropanol, carbon black (acetylene, 100%
compressed), cesium bicarbonate (CsHCOs;, 99.99%), lithium
carbonate (Li,COs;, 99%), potassium bicarbonate (KHCO;,
99.7%), potassium carbonate (K,COs, 99.7%) potassium
hydroxide (KOH, >85%), sodium bicarbonate (NaHCO;, 99%)
were purchased from Thermo Scientific Chemicals. Silver
nanoparticle (Ag, 20 nm), and polytetrafluoroethylene (PTFE,
30-50 nm) were purchased from US Nano, and Nanoshel,
respectively. Ammonia solution (NH,OH, 32%, EMPLURA) and
ammonium bicarbonate (NH4;HCO3, 299.0%) were purchased
from Sigma-Aldrich. All purchased materials were used as
received without any additional purification steps.

Synthesis of Ni-SACs

To a 50 mL round-bottom flask, 1.8 g of ethylenediamine
was introduced, followed by the addition of 25 ~ 100 mg of
nickel acetylacetonate (Ni(acac),). Ni(acac), was selected as the
nickel precursor due to the presence of acetylacetonate (acac)
ligands, which enhance its solubility in carbon tetrachloride
(CCly) during the synthesis. The mixture was stirred for 5
minutes before 4.0 g of CCl, was added, and stirring continued
for an additional 5 minutes. Subsequently, 0.8 g of silica
template (SBA-15) was introduced, and the mixture was
refluxed at 90 °C for 16 hours. SBA-15 was synthesized according
to the literature procedure. 37 After refluxing, the mixture was
dried at 120 °C to evaporate any remaining carbon tetrachloride
and ethylenediamine. The resultant residue was then calcined
under an Ar atmosphere at 800 °C for 2 hours, with a ramping
rate of 3 °C min™. The black powder obtained was dispersed in
a solution of 5 wt.% HF and 10 wt.% HCI (35 mL), which was
stirred for 24 hours. Centrifugation was employed to collect the
catalyst, which was then washed several times with deionized
water until a neutral pH was achieved. Finally, the black powder
was dried at 80 °C overnight and stored for future use.

Fabrications of catalysts and electrodes

The process of making Ag and Ni-SAC electrodes for a gas-
diffusion electrode (GDE) system involved spray-coating an
electrocatalyst ink onto the carbon substrate surface. The ink
was prepared by dispersing 40 mg of Ag or Ni-SAC powder with
8 mL of isopropanol and 250 mg of Sustanion solution, followed
by sonication for 30 minutes. This ink was then deposited onto
the carbon paper at 100 °C (catalyst loading: 1 mg cm2). The
catalyst loading was determined by comparing the electrode's
weight before and after the spray-coating process. The
modified carbon substrate was prepared by depositing an
additional microporous layer (MPL) onto the commercial
hydrophobic carbon paper (Sigracet 39BB). The ink for MPL was
prepared by mixing carbon black and PTFE with different
concentrations in the ionomer solution, with a ratio of 1:4 in
isopropanol, followed by sonication for 30 minutes. This ink was

This journal is © The Royal Society of Chemistry 20xx
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then deposited onto the carbon paper at 100 °C. The MPL
loading was determined by comparing the electrode's weight
before and after the spray-coating process.

Characterizations

Aberration-corrected HAADF STEM imaging was performed
using a probe-corrected Thermo Fisher (FEI) Titan Themis.
Scanning electron microscopy (SEM) images and energy
dispersive spectroscopy (EDS) data were collected using an FEI
Quanta 250 FE-SEM. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and energy-
dispersive X-ray spectroscopy (EDS) mapping were performed
using a Thermo Fisher Scientific Talos F200X S/TEM operated at
200 kV and equipped with a super-X EDS system. X-ray
diffraction (XRD) was performed on a Rigaku SmartLab
diffractometer with Copper K-a radiation (A = 0.15418 nm)
operating at 40 kV and 44 mA over the 20 range of 10 to 50
degrees. Nitrogen sorption isotherms were measured by the
Micromeritics 3Flex analyzer at —196 °C. The specific surface
area was calculated with the Brunauer-Emmett-Teller (BET)
model. The pore volume and pore size distribution were
calculated by the Barrett-Joyner-Halenda (BJH) method. Before
recording the N, sorption isotherms, the samples were
pretreated at 200 °C under high vacuum for 12 hours.
Inductively coupled plasma optical emission spectroscopy (ICP-
OES) for nickel loadings was performed using an Agilent 5800
spectrometer. The NHs-TPD experiments were conducted on a
Micromeritics AutoChem Il 2920. Sessile drop contact angles of
deionized water in the air were measured by a ramé-hart Model
90 goniometer using a German-made U3 Series digital camera
and a LED light source. We used a 1-25 pL volume manual
syringe to dispense 10 * 0.2 pL of liquid. To measure contact
angles on the GDEs after use in the CO2RR, the electrolyzer was
disassembled and the GDE was rinsed with deionized water to
remove residual electrolyte from the testing surface.

Bicarbonate electrolysis measurements

The flow electrolyzer contains two flow-field plates with
serpentine channels, silicone gaskets, and the MEA, which
contains two electrodes and a bipolar membrane (BPM), was
formed after assembling the cell hardware. The anode and
cathode flow plates were made from titanium and stainless
steel, respectively. The catholyte, 200 mL of 2.5 M of CO,-
capturing solution, was circulated through a peristaltic pump
(Masterflex® L/S®) at 30 mL min~. On the anode side, 40 mL of
1.0 M KOH was circulated at 25 mL min~1. The prepared sprayed
electrode and a piece of Ni foam with geometric area of 5 cm?
were used as the cathode and anode, respectively. Argon
(99.99%) was flowed into the headspace of the catholyte at 160
mL min~! for the online collection and quantification of gaseous
products (CO, H,, and CO,) via a gas chromatograph (GC, Agilent
8890). The temperature of the flow cell was controlled by a 50-
watt 110 V heater (Dioxide Materials). The system with the CO,
supply was operated with 80 mL of 2.5 M NH4;HCO3; solution for
the catholyte after the CO, provision at 70 mL min=1. The pump
circulation rates of the catholyte and anolyte were the same as

This journal is © The Royal Society of Chemistry 20xx

the system without the CO, supply, and argon was connested
into the headspace of the catholyte OO HI/RiAEL2Eas
products, including CO, H,, and CO,, were analyzed over a 30-
minutes duration. A thermal conductivity detector (TCD) was
used to detect H,, and a flame ionization detector (FID) was
used to detect CO and CO, in the GC. The calibration curves for
H, (1,000-20,000 ppm, Cal Gas Direct), CO (2,000-20,000 ppm,
Cal Gas Direct), and CO, (2,000-50,000 ppm, Cal Gas Direct)
were established by analyzing the calibration gases. Liquid
products (e.g., formate) were quantified by an ion
chromatography (IC, Thermo Scientific Dionex Easion). 1 mL of
the sample solution was diluted with deionized water and
injected into IC for its quantification. The durability test was
performed in a similar flow cell set-up, and the catholyte was
refreshed every 2 hours manually. The volumes of catholyte and
anolyte were 250 mL and 200 mL, respectively. Gas products,
including CO, H,, and CO,, were analyzed at one-hour intervals
by averaging 4 points.

Bicarbonate and carbamate contents were determined by 3C
Nuclear Magnetic Resonance (NMR) spectroscopy on a Bruker
Avance Il 600 MHz NMR spectrometer. 400 pL of the sample
solution was mixed with 200 pL of D,O and 100 uL of 2,000 ppm
DMS (dimethyl sulfone) solution for the internal standard. The
scan number was 1,024. A calibration range of 0-2.5 M was
utilized for KHCO; and K,CO3, and ammonium carbamate in 1 M
NH; solution was prepared for a calibration in the range of 0-0.5
M.

Calculations of performance

The Faradaic efficiencies of gaseous products (H, and CO) were
calculated by the following equation:

_ ziXnXF

FE =2

x 100

where z is the number of electrons (2 for H, and CO) used for
producing the products; n; is the number of moles of the
product i (mol) in GC; F is the Faradaic constant (96,485 C mol-
1); Qis the total charge transferred.

During electrochemical CO, reduction reaction, the solution
resistance was measured by the electrochemical impedance
spectroscopy at each measurement for ohmic drop (iR)
compensation. The ohmic drop was manually compensated at
85% level. The applied potentials (vs. Ag/AgCl, E Ag/AgCl) of the
working electrode were converted to the reversible hydrogen
electrode scale (E RHE) using the following equation: E (V vs.
RHE) = E (V vs. Ag/AgCl) + 0.197 + 0.059 x pH.

To measure  electrochemical capacitance, cyclic
voltammetry (CV) was conducted within a potential window of
+500 mV, centered around the open circuit potential (OCP). The
measurements were performed at varying scan rates, 10, 20,
40, 60, 80, and 100 mV sec?, in a 0.1 M KHCOj; solution to
calculate electrochemically active surface area (ECSA) and
double layer capacitance of the Ni-SAC electrodes. For these
experiments, the Ni-SAC ink sprayed on H23 was used as the
working electrode, and a silver/silver chloride (Ag/AgCl)
containing saturated KCl served as the reference electrode. The

J. Name., 2013, 00, 1-3 | 3
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ECSA was calculated by the equation, ECSA = Cq/C,, where C; is
the specific capacitance of a flat standard electrode. The specific
capacitance for a flat surface is generally found to be in the
range of 20-60 uF cm~2. We assume the average value of 40 puF
cm™ as the specific capacitance in this work. 38 The ECSAs of the
electrodes were inferred by measurements of the double-layer
capacitance. The mass activity (A g?') for CO, (electron
transferred / mass metal / time = current / mass metal) was
calculated as follows: lproduct/ (McatXWi), loroduct: Partial current for
CO; mcy: catalyst mass in the electrode; w: Ni loading in the
catalyst.

Results and Discussion

Synthesis and characterization of Ni-SAC

The Ni-SAC was synthesized via a hard-templating method,
involving the polymerization of ethylenediamine and carbon
tetrachloride in the presence of nickel (Il) acetylacetonate
(Ni(acac);) within the mesopores of SBA-15.37 Ethylenediamine
served a dual role as both the ligand for the nickel precursor and
the nitrogen source for the carbon matrix. The templating
process was crucial in regulating the polymerization behavior,
which in turn significantly influenced the morphology of the
resulting Ni-SAC (Fig. 1a).3° Following polymerization, the
material was carbonized at 800 °C under an inert atmosphere,
a critical step in incorporating nickel ions into the graphitic
framework of the SAC support. The silica template was then
etched away, releasing the Ni-SAC catalyst. This modular
synthesis approach offers fine control over the catalyst
properties, enabling precise tuning of nickel content by
adjusting the amount of Ni(acac), precursor used (25 - 100 mg).
This variation in precursor loading yielded nickel contents
ranging from 1.20 to 2.08 wt.%, as determined by ICP-OES
(Table S1). The microstructure of the Ni-SAC was examined by
using transmission electron microscopy (TEM) and high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM), as shown in Fig. 1b and c. These
characterizations confirmed the absence of nickel nanoparticles
or clusters in the samples. The Ni-SAC displayed a rod-like
morphology with  well-aligned mesopores averaging
approximately 700 nm in length. Bright spots observed in
HAADF-STEM images (highlighted by red circles) indicate that Ni
atoms are uniformly dispersed throughout the carbon matrix
without agglomeration. STEM-EDS mapping of Ni-SAC
confirmed an even distribution of nickel and nitrogen on the
carbon support (Fig. 1d-f). X-ray photoelectron spectroscopy
(XPS) analysis verified the presence of carbon, nitrogen, and
nickel through their characteristic signals (Fig. S1). Powder X-ray
diffraction (XRD) analysis revealed two broad peaks at 27° and
43°, corresponding to the (002) and (004) planes of the N-doped
carbon support. Importantly, no diffraction peaks associated
with crystalline nickel phases were detected (Fig. S2), indicating
the absence of nickel nanoparticles or bulk phases.

NH4HCO; electrolysis on Ni-SAC and mechanism study

4| J. Name., 2012, 00, 1-3
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Fig. 1 Synthesis and microscopic characterization of Ni-SAC. (a) schematic

representation of general synthetic method for Ni-SAC; (b, c) TEM images; (d)
aberration-corrected HAADF-STEM image; and (e, f) EDS mapping, illustrating the
spatial distributions of Ni (red) and N (blue).

The CO,RR performance of Ag-NP and Ni-SAC catalysts was
evaluated using 2.5 M KHCO3 and NH4HCOs3 solutions as carbon-
capturing solutions, serving simultaneously as the electrolyte
and CO, reactant. The Ni-SAC prepared with 100 mg of Ni(acac).
was utilized for further electrolysis. A MEA-based flow
electrolyzer was employed, consisting of two flow-field plates,
silicone gaskets, an anode, a cathode, and a BPM (Fig. S3). As
shown in Fig. 2a, i-CO2RR (in-situ generated CO, reduction
reaction) performance was compared at a current density of
-100 mA cm2. When operated with 2.5 M KHCO3 solution, the
Ni-SAC catalyst achieved a high FEco of 56%, which is twice that
of Ag-NP catalyst (28%) at the same loading. The
electrochemical surface area (ECSA) of the cathodes decreased
after exposure to CO,RR, regardless of the cation species
present. However, the cathode used in KHCO; electrolysis
exhibited less ECSA degradation compared to that in NH;HCO3,
as shown in Tables $2-S3 and Fig. S4 and S5, aligning with the
observed performance trends in the two electrolytes (KHCO;
and NH4HCO3). Notably, the FEco for the Ag-NP catalyst drops to
<1%, when the electrolyte was switched to 2.5 M NH4HCO;,
indicating that Ag loses its activity in NH4;* abundant
environments. In sharp contrast, the Ni-SAC electrode retained
a FEco of 42.3%, an unexpected behaviour considering NH,*
adsorption is stronger on Ag than on Ni. Control experiments
using nickel nanoparticles (Ni-NP) and nitrogen-doped carbon
(N-C) without isolated Ni sites, at the same loadings, showed
negligible CO production, highlighting the critical role of
atomically dispersed Ni in the observed activity. We observed
that the FE¢o from the CO,RR using 2.5 M NH4HCO; was lower

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 FE comparions between different catalysts and under various cation
envrionments. (a) FE comparison between Ag-NP and Ni-SAC in 2.5 M KHCO3; and
NH4HCO; catholytes (Carbon paper: Freudenberg H23, current density: ~100 mA cm,
temperature: RT, catalyst loading: 1 mg cm™2), and (b) FE of Ni-SAC in electrolytes
containing different alkali cations.

compared to that with 2.5 M KHCO; (54.5%). This suggests a
distinct behavior of Ni-SAC in NH4*-rich environments, differing
from typical reports of ammonia-induced catalyst poisoning.
Further investigation, including detailed characterization and
theoretical work, is needed to better understand the NH;*
tolerance mechanism of Ni-SAC.4° Additionally, the calculated
mass activity of Ni-SAC reached 5886 and 4557 A g under K*
and NH,* abundant systems, respectively, which is higher than
those of Ag (2696 and 183 A g1) as shown in Fig. S6.

To investigate the effects of different -cations,
experimentally evaluated bicarbonate electrolytes containing
various metal cations (Li*, Na*, K*, and Cs*) and ammonium
cation (NH4?). Interestingly, both the FEco (Fig. 2b) and partial
current density jco (Fig. S7) on the Ni-SAC were found to be less
influenced by the effective cation size compared to changes in
bicarbonate concentration. This suggests that CO,RR
performance on the Ni-SAC catalyst is relatively insensitive to
the type of cation present, in sharp contrast to previously
reported trends for Ag electrodes, where larger cation has been
shown to enhance FE¢o through stronger interfacial effects.®
The concentration of the bicarbonate catholyte solutions
significantly influenced performance, with higher

we

This journal is © The Royal Society of Chemistry 20xx

concentrations yielding superior CO selectivity ¢ompared.te
lower ones. Such marginal cation d&peHUEREESHER1He
associated with the positively shifted point of zero charge (PZC)
of the Ni-SAC, which allows for effective cation accumulation
and stabilization of CO,*~ intermediates even in the presence of
strongly hydrated cations such as Li*.3¢ Based on these results,
we conclude that Ni-SAC exhibits only a marginal cation effect,
and its weak cation sensitivity enables selective CO,RR across a
wide range of absorbent media.

Optimizations of electrode and operation condition for NH;HCO3;
electrolysis

The effect of temperature on CO,RR activity was also
investigated, as temperature influences both CO, regeneration
from bicarbonate and the kinetics of CO,RR and HER, making
the determination of the optimal operating temperature
challenging.’® Increasing the temperature of the system
accelerates the CO, regeneration rate from bicarbonate. While
the production rates of both CO and H, increase with
temperature, the extent of this enhancement differs due to
their distinct activation energy barriers.3® The CO production
was evaluated across cell temperatures from 25 °C to 60 °C at a
current density of -100 mA cm, as shown in Fig. 3a. Elevated
temperatures are anticipated to enhance CO, generation by
accelerating the dissociation of bicarbonate: HCO;~ - OH™ +
CO,. Notably, around 40 °C, NH4HCO; begins to thermally
decompose to generate i-CO, (decomposition onset at 36 °C),
providing a greater supply of i-CO, compared to lower
temperature, such as 25 °C. Up to 40 °C, CO production
increased with temperature (42.25% vs. 56.8%); however, at 60
°C, CO selectivity declined to 45.5% due to the rapid rise in H,
generation, consistent with trends reported in previous
studies.3® At a cell temperature of 60 °C, a FE¢o of 45.5% was
achieved at =100 mA cm™2. The temperature dependence of
FEco follows a trend similar to that observed in systems using
carbamate solutions.3® Additionally, increasing temperature
raises the surface pH,> which can facilitate carbonate
generation and consequently reduce FEqo. The effect of catalyst
loading (0.5, 1, and 2 mg cm™2) on the CO and H, distribution
was also examined (Fig. 3b). At 40 °C and -100 mA cm™,
increasing the catalyst loading from 0.5 to 1 mg cm~2, boosted
the FEco from 49.6% to 64.3%. However, a further catalyst
loading increase to 2 mg cm™2 did not improve the CO2RR
performance, with FEco: 64.3% slightly dropping to 59.5%.

The characteristics of the GDE, including its hydrophobicity
and thickness, were further optimized to enhance the CO,
reduction reactions.*’ 42 It was found that adjusting the gas
diffusion layer and surface properties can significantly influence
bicarbonate electrolysis for CO production. To further improve
captured CO,RR over Ni-SAC catalysts, surface modification of
the electrode was examined by varying the catalyst-to-PTFE
ratio in the catalyst ink, as shown in Fig. 3c. The catalyst ink was
spray-coated onto the commercial hydrophobic carbon paper
(CP) (Sigracet 39 BB), and CO,RR performance was evaluated at
a current density of ~-100 mA cm~2. Optimization of PTFE and
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catalyst loading led to improved CO2RR performance, with the
highest FEco of 64.3% achieved when PTFE content in the
catalyst ink was 20%, outperforming other tested compositions.

Furthermore, Fig. 3d shows that the increased
hydrophobicity led to higher FEco. The hydrophilic electrode
(Freudenberg H23) achieved a FEcp, of 56.8%, while the
commercial hydrophobic electrode (Sigracet 39 BB), without
additional treatment, reached 64.3% at 40 °C. This
improvement is likely due to the hydrophobic microporous
layer (MPL) on the hydrophobic carbon paper, which creates a
favorable microenvironment for efficient gas transport.
Additionally, the hydrophobic substrate helps retain gaseous
reactants near the catalyst layer, promoting the formation of
solid-liquid-gas interfaces that enhance both the activity and
selectivity for CO,-to-CO reduction32. Moreover, a customized
hydrophobic GDE, featuring an additional microporous layer
composed of PTFE and carbon black on commercial
hydrophobic carbon paper (customized hydrophobic CP)
demonstrated enhanced performance compared to the
untreated commercial CP (83% vs. 64.3%). The cross-sectional
SEM image (Fig. 3e) revealed a distinct three-layered structure
in the customized hydrophobic electrode, with an additional
microporous layer (MPL), in contrast to the commercial
hydrophobic electrode (Fig. S8). Elemental mapping of both
electrodes further confirmed the presence of a well-defined
microporous sublayer containing PTFE (Fig. S9 and $10).

To evaluate the hydrophobicity of the electrode surface, we
measured the contact angle of water droplets on the cathode,
as shown in Fig. 3f. The customized hydrophobic CP

6 | J. Name., 2012, 00, 1-3

demonstrated enhanced performance compared to the
commercial hydrophobic CP alone. However, the
hydrophobicity of the electrode layer deteriorated under CO,RR
conditions, likely due to PTFE degradation under negative
potentials, consistent with previous reports.*? 43 Nevertheless,
the contact angle of the customized hydrophobic CP after the
electrolysis remained higher than that of the hydrophilic CP and
was comparable to that of the commercial hydrophobic CP
before the reaction. These characterization results suggest that
incorporating the MPL with tailored wetting properties is an
efficient strategy for enhancing FEco in captured CO2RR
systems.

Bicarbonate Regeneration during NH4HCO; Electrolysis

The effects of feeding pure CO, into the bicarbonate
solution were investigated (Fig. S11 and 12) to evaluate the
influence of carbon and nitrogen species on CO,RR and to
improve performance in NH3-based carbon-captured solutions,
as illustrated in Fig. 4a and b. Notably, the CO,-supplied system
achieved a higher 60.1% of FEco at —200 mA cm~2, compared to
40.2% of FEco, without CO, supplementation. Furthermore, the
partial current density for CO production increased linearly with
applied current, reaching -120.3 mA cm~2 at —200 mA cm~2 (Fig.
S13), demonstrating enhanced CO generation under CO,-rich
conditions. In contrast, the system without CO, supply achieved
only 40.2% FEco at —200 mA cm™2, with a CO partial current
density lower than that observed at =150 mA cm™2. For the CO,-
supplied system, the full voltage (with 85% iR
compensation) increased from 2.71V at-50 mAcm=2t0 2.90V,

cell

This journal is © The Royal Society of Chemistry 20xx
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3.06 V, and 3.64 V at -100, -150, and -200 mA cm?,
respectively, showing modest improvements in energy
efficiency compared to the system without CO, purging. These
results are consistent with the observed pH differences
between the two systems after electrolysis (Table S4). The pH
changes in the non-CO, supplied system were monitored under
electrolysis at —200 mA cm~2, revealing a rapid increase from 7.8
to 8.4 within 30 minutes. In contrast, the CO,-supplied system
exhibited a more gradual rise, with pH stabilizing around 8. This
stabilized pH environment allowed for a mitigation of OH-
accumulation and the generation of an adequate amount of i-
CO, from preserved bicarbonate. These results demonstrated
that pH control plays a critical role in maintaining bicarbonate
species as active reactants, thereby directly influencing the
CO,RR performance under NH4HCO;3 conditions.

To investigate the species presented in the solution and
their impacts on CO,RR to CO, 3C NMR spectra of the
bicarbonate solutions were collected before and after
electrolysis, with CO, gas purging applied at current densities of
—100 mA cm~2 and —200 mA cm=2. The 2.5 M NH,;HCO3; solution
spontaneously formed 0.116 M carbamate (system 1, Table S5)
as a result of thermo-decomposition. In 3C NMR spectra,
carbonate and bicarbonate appeared as a single peak due to
fast equilibration of carbonate and bicarbonate anions, with the
chemical shift indicative of their relative proportions.** The
NMR spectra showed the chemical shift of the peak
approximately assigned to pure KHCO3 (& 160.82), indicating
minimal carbonate formation. After 30 minutes of electrolysis
at =100 mA cm=2 (system 2), bicarbonate was partially
consumed for CO production, accompanied by the generation
of additional carbamate and CO, (Table S6). However, with
continuous CO, gas supply (system 3), the consumed

This journal is © The Royal Society of Chemistry 20xx

bicarbonate in the catholyte was replenished, resulting in a
bicarbonate concentration that exceeded its original level and a
net positive carbon balance. A slight shift of bicarbonate peak
to higher ppm values in the '3C-NMR spectra indicated
carbonate formation via the following reaction:
NH; + HCO3~ = NH,* + CO3%~

At —200 mA cm™ (system 4), bicarbonate was consumed more
extensively than at =100 mA cm™2, resulting in a corresponding
The replenishment of
bicarbonate had a greater impact in system 4 than in system 3,

decrease in carbamate levels.
effectively compensating for the rapid depletion of the reactant.
This also accounts for the reduced carbon balance observed
after electrolysis compared to system 3. To the best of our
knowledge, no prior study has comprehensively quantified the
behavior of ammonium bicarbonate, carbamate, and carbonate
during bicarbonate electrolysis.

Long-term stability tests of the modified Ni-SAC electrode
were performed at a current density of =50 mA cm~2in a BPM-
MEA flow cell system (Fig. 4c). In the absence of CO, supply, the
system exhibited a gradual decline in FEco from 61% to 35.2%
over 8 hours, primarily due to pH shifts in the electrolyte
affecting electrode stability. In contrast, the CO,-supplied
system maintained steady CO production with FEco ranging
from 60-70% and an average stable cell voltage of 2.7 V for 10
hours, indicating sustained NH4HCO; electrolysis. After 11
hours, the FEco dropped below 60%, accompanied by a rise in
cell voltage, attributed to the PTFE loss from the electrode
under prolonged current operation. This led to a decline in
hydrophobicity (from 162.8° to 126.9°, Fig. 3f) and increased
HER activity. No significant agglomeration or formation of Ni
nanoparticles was observed for the post-electrolysis Ni-SAC
catalyst (Fig. S14), indicating the catalyst deactivation is unlikely
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to be the main cause of the observed performance degradation.
These findings highlight the importance of pH regulation and
bicarbonate replenishment for stable CO,RR performance in
NH4HCO3 media. In addition, SEM images of the electrode
surface before and after electrolysis revealed nanostructure
formation that covered the catalyst surface, contributing to the
observed performance degradation (Fig. S15).

To evaluate the electrocatalytic performance of Ni-SAC, the
highest FEco and corresponding cell voltages at current
densities of =100 and —200 mA cm~2 were compared with state-
of-the-art BPM-based flow cell electrolyzer systems utilizing Ni-
SAC for CO,-to-CO conversion, as shown in Table S7. Various
captured carbon sources were assessed, including MEA, KHCO3,
and NH4HCOs. At -100 mA cm™2, bicarbonate electrolysis
demonstrated superior FEco and lower cell voltage compared to
amine-based systems, resulting in reduced energy
consumption. Among the bicarbonate-based systems, KHCO3;
electrolysis with CO, supply achieved the highest energy
efficiency for CO production, followed closely by CO,-supplied
NH4HCO; electrolysis. KHCO;3 electrolysis without CO, supply
showed lower CO production and higher cell voltage compared
to the COj-supplied system. At -200 mA cm=2, KHCO;
electrolysis with CO, supply sustained a higher FE¢o exceeding
90%'* at a cell voltage of 3.7 V, while CO,-supplied NH4HCO;
electrolysis achieved FEco of 60.1% at 3.64 V. As research on
NH4sHCO;3 electrolysis is still in its early stages, further
optimization and performance enhancements are expected.

Conclusions

NH4HCOs can serve as a waste-derived reactant for
electrochemical CO, reduction via in-situ generated CO,, using
Ni-SAC as the electrocatalyst. The unique properties of Ni-SAC
were systematically investigated, revealing that it has a weaker
NH4* adsorption energy compared to Ag, leading to a relatively
unexpected resistance to NHs* poisoning. Further optimization
of operating conditions and electrode design, including an
optimal temperature of 40°C and the incorporation of a
customized hydrophobic microporous layer, enhanced the
retention of gaseous reactants near the catalyst surface. This
modification of the local environment facilitated the formation
of solid—liquid—gas interfaces, resulting in a FE¢o of 60.1% at —
200 mA cm™2. pH control and maintaining bicarbonate species
through continuous CO, supply significantly improved FEco at
higher current densities and extended the electrolysis stability
up to 10 hours. To the best of our knowledge, this is an early
report investigating ammonia-based reactive CO, capture and
its electrochemical reduction to CO, providing new insights into
the use of earth-abundant metal electrocatalysts for the
conversion of the in-situ generated CO, from NH4HCOs. By
harnessing the highly reversible formation and decomposition
of NH4;HCOs;, waste nitrogen-derived NHz can serve as an
economical capture agent, enabling its electrochemical
conversion through a reactive CO, capture—release cycle.
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