Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

Coordination of copper within a crystalline carbon

{ '.) Check for updates ‘
nitride and its catalytic reduction of CO,}

Cite this: Dalton Trans., 2024, 53,
6779
Magnus Pauly,® Ethan White,® Mawuli Deegbey,? Emmanuel Adu Fosu,?

Landon Keller,? Scott McGuigan,® Golnaz Dianat,® Eric Gabilondo,?

Jian Cheng Wong,“® Corban G. E. Murphey, (2 € Bo Shang,® Hailiang Wang,
James F. Cahoon,© Renato Sampaio,® Yosuke Kanai,“® Gregory Parsons, (2 °
Elena Jakubikova (2 @ and Paul A. Maggard (=) *?

e

Inherently disordered structures of carbon nitrides have hindered an atomic level tunability and under-
standing of their catalytic reactivity. Starting from a crystalline carbon nitride, poly(triazine imide) or PTI/
LiCl, the coordination of copper cations to its intralayer N-triazine groups was investigated using molten
salt reactions. The reaction of PTI/LiCl within CuCl or eutectic KCl/CuCl, molten salt mixtures at 280 to
450 °C could be used to yield three partially disordered and ordered structures, wherein the Cu cations
are found to coordinate within the intralayer cavities. Local structural differences and the copper content,
i.e., whether full or partial occupancy of the intralayer cavity occurs, were found to be dependent on the
reaction temperature and Cu-containing salt. Crystallites of Cu-coordinated PTI were also found to elec-
trophoretically deposit from aqueous particle suspensions onto either graphite or FTO electrodes. As a
result, electrocatalytic current densities for the reduction of CO, and H,O reached as high as ~10 to
50 mA cm™2, and remained stable for >2 days. Selectivity for the reduction of CO, to CO vs. H, increases
for thinner crystals as well as for when two Cu cations coordinate within the intralayer cavities of PTI.
Mechanistic calculations have also revealed the electrocatalytic activity for CO, reduction requires a
smaller thermodynamic driving force with two neighboring Cu atoms per cavity as compared to a single
Cu atom. These results thus establish a useful synthetic pathway to metal-coordination in a crystalline
carbon nitride and show great potential for mediating stable CO, reduction at sizable current densities.
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. Introduction

The release of carbon dioxide (CO,) from the burning of fossil
fuels is a global issue, with our daily life tied to processes
which release billions of metric tons of CO, per year. To
address this, intense research has gone into the capture and
conversion of CO, into chemical fuels. Research into carbon
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nitrides (CN,) has surged in importance because of their
promising catalytic activities for the reduction of carbon
dioxide (CO,R), such as when surface-impregnated or intern-
ally coordinated by metal cations (i.e., m-CN,). This growing
new class of m-CN, materials has shown a promising capa-
bility to assist in the electrocatalytic conversion of CO, to
carbon monoxide, formate, and/or methanol.'™ However, cur-
rently known materials lack sufficient crystallinity for in depth
structural characterization of the local coordination environ-
ments or determination of the relevant mechanistic pathways
with deeper atomic-level detail.” Currently, nearly all relevant
catalytic mechanisms have been probed computationally
assuming idealized structural models.

Most studied carbon nitrides are layered but amorphous
materials containing heptazine monomers with alternating
sp® carbon and nitrogen atoms. The carbon to nitrogen ratio is
typically C3N,4, or otherwise known as graphic carbon nitride
(g-C3N,), and which is postulated to consist of a mixture con-
taining polymerized heptazine units, or poly(heptazine
imide).>'°"* By contrast, a more crystalline carbon nitride is
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known, poly(triazine imide) or PTI/LiCl (C¢NgH,Li,Cl), consist-
ing of triazine rings linked by imide bridges. Notably, it con-
tains intralayer cavities with two Li and two H atoms each.®® A
recent study of the different possible Li/H configurations
demonstrated a preferred cation ordering within its intralayer
cavities.'® The crystalline PTI/LiCl was also shown to possess
the capability to coordinate a small amount of Cu cations with
the maintenance of its structure.'®'® However, relevant cata-
lytic activity has not yet been fully investigated, such as for the
reduction of carbon dioxide (CO,R), as is known to occur for
many Cu-containing materials. Driven either by light and/or by
an applied bias, catalytic CO,R has been intensely investigated
for metallic Cu, Cu-containing molecular complexes, Cu on
N-doped graphene, and for Cu(1) surface-attached to PHI/NaCl
and carbon-based nanomaterials.” ®'**® For example, recent
light-driven catalytic studies on Cu-impregnated g-C;N, have
shown a high selectivity for CO production from CO,R and
absorption of CO, at the catalytic Cu sites.'®*® In the case of
electrocatalytic CO,R, such as by Cu metal, a less-selective
range of reduction products are generated, including CO, CH,
and CH3;OH, and which require a relatively large negative
applied bias.">?® While greater selectivity is shown by mole-
cular complexes containing Cu at less negative reduction
potentials, these suffer from smaller attainable current den-
sities.”® Other strategies have included the attachment of Cu
complexes to electrode surfaces,'>**** but nearly are known to
decompose to metallic Cu nanoclusters under a negative
applied bias. This occurs because of the tendency for reduced
Cu sites, ie., Cu(0), to irreversibly de-ligate. Alternate strategies
are thus needed to provide a more rigid and stable ligand
structure for Cu-based catalyst sites.

Described herein is an investigation into the coordination
of Cu cations within the structure of crystalline carbon nitride,
poly(triazine imide) lithium chloride (PTI/LiCl), using a novel
molten-salt-based approach and the resulting compositions
and structures that retain its crystalline framework. The Cu-
containing products, i.e., PTI/Cu,Cl (x = 1 or 2), were further
investigated for their electrocatalytic activity for CO, reduction
(CO,R) via a newly developed low-bias electrophoretic depo-
sition of the crystallites onto conducting substrates. Thus, this
approach leverages a molecular-level type approach combined
with density functional theory calculations to yield deeper
insights into mechanistic CO,R pathways not previously
achieved. It also demonstrates a creative new pathway to
prepare carbon-nitride-based electrodes with long-term stabi-
lity and sizable current densities for electrocatalytic reduction
reactions.

lI.  Experimental

A. Chemical reagents

Melamine (Sigma-Aldrich) 99%, lithium chloride (Fischer
Science Education) reagent grade, potassium chloride (Fluka
Chemical) 99.5%, copper(i) chloride (Thermo-Scientific) 99%,
copper(u) chloride (Fischer Scientific) 99%, potassium bicar-
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bonate (Sigma-Aldrich) 99.7%, carbon dioxide (Arc3 Gases)
99.99%, argon (Arc3 Gases) 99.999%, isotopically carbon
labeled potassium bicarbonate (KH'?CO;) (Sigma-Aldrich)
98%, and isotopically carbon labeled carbon dioxide '*CO,
(Sigma-Aldrich) 99%.

B. Preparation of PTI/Cu compounds

i. Synthesis of PTI/LiCl. The synthesis of PTI/LiCl was per-
formed according to a previously reported procedure.'® In
brief, potassium chloride and melamine were combined in a 9
to 1 molar ratio in a mortar and pestle and ground together
until homogenous. To this mixture was added a 12-fold molar
excess of lithium chloride to give a net mass of ~300 mg. The
powders were transferred into a fused-silica reaction vessel,
then placed under applied vacuum and flame sealed. The
powders may also be ground in air and placed into a 140 °C
oven for 12 h to dry. The reaction vessel was approximately 10
inches long with a radius of 0.5 inches (Note: a relatively large
volume-to-mass should be used as the reaction of melamine
liberates ammonia and pressurizes the reaction vessel). The
vessel was then placed vertically into a muffle furnace and
heated at a rate of 10 °C min~" until 470 °C was reached. This
temperature was held for 36 h, after which the furnace was
cooled at a rate of 2 °C h™" until the temperature reached
350 °C. Next, the furnace was then shut off and allowed to
radiatively cool to room temperature. The resulting sample
typically appeared white to light beige. The reaction vessel was
carefully cut open within a hood and behind shielding using a
glass cutter. The product was collected and washed with de-
ionized water to dissolve the excess salt and isolate the
PTI/LiCl powder. It was further washed and centrifuged in de-
ionized water until a clean PTI/LiCl powder was obtained, as
judged by powder XRD and FTIR-ATR measurements.

ii. Synthesis of 1-PTI/LiCuCl. In an argon glovebox and
into a mortar and pestle was placed anhydrous CuCl (melting
point of ~426 °C) together with PTI/LiCl with a molar ratio of
2:1.>* The powder was ground together until the mixture
appeared to be homogenous. The resultant powder was then
immediately loaded into a fused-silica reaction vessel and
placed under applied vacuum and flame sealed. The reaction
vessel was approximately 6 inches long with a radius of 0.5
inches. The vessel was then placed vertically into a muffle
furnace and heated at a rate of ~10 °C min~" until 450 °C.
This temperature was held for 24 h after which the furnace was
cooled at a rate of 2 °C min~" until the temperature reached
300 °C. At this point the furnace was then shut off and allowed
to radiatively cool to room temperature. The resulting product
was isolated from the salt flux by washing multiples times in
de-ionized water, once in ammonium hydroxide, and one final
wash in de-ionized water. The wet 1-PTI/LiCuCl was then dried
by vacuum.

iii. 2-PTI/Cu,Cl. In an argon glovebox and into a mortar
and pestle was placed anhydrous CuCl together with KCI in a
2:1 molar ratio (eutectic melting point ~150 °C).>* The salts
were ground until homogeneous and then PTI/LiCl was added.
The molar ratio of CuCl to PTI/LiCl was 2 to 1 or greater, to

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt00359d

Open Access Article. Published on 21 March 2024. Downloaded on 4/2/2026 4:09:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

ensure complete cation exchange of Li for Cu. The resultant
powder was then immediately loaded into a fused-silica reac-
tion vessel under applied vacuum and sealed. The reaction
vessel was approximately 6 inches long and had a radius of 0.5
inches. The vessel was then placed vertically into a muffle
furnace and heated at a rate of ~10 °C min™" until reaching
280 °C. This temperature was held for 24 h after which the
furnace was cooled at a rate of 2 °C min™' until reaching
150 °C. At this point the furnace was then shut off and allowed
to radiatively cool to room temperature. The resulting product
was isolated from the salt flux by washing multiples times in
de-ionized water, once in ammonium hydroxide, and one final
wash in de-ionized water. The wet 2-PTI/Cu,Cl was then dried
by vacuum.

iv. 3-PTI/HCuCl. In an argon glovebox and into a mortar
and pestle was placed anhydrous CuCl, together with KCl in a
2:1 molar ratio (eutectic melting point ~360 °C).** The salts
were ground until homogeneous and then PTI/LiCl was added.
The molar ratio of CuCl, to PTI/LiCl was 2 to 1 or greater, to
ensure the complete cation exchange of Li for Cu. The resul-
tant powder was then immediately placed into a fused-silica
reaction vessel and placed under applied vacuum and flame
sealed. The reaction vessel was approximately 8 inches long
and had a radius of 0.5 inches. The sample was then placed
vertically into a muffle furnace and heated at rate of ~10 °C
min~" until 400 °C. This temperature was held for 24 h after
which the furnace was cooled at a rate of 2 °C min~" until the
temperature reached 350 °C. At this point the furnace was then
shut off and allowed to radiatively cool to room temperature.
The resulting product was isolated from the salt flux by
washing multiples times in de-ionized water, once in
ammonium hydroxide, and one final wash in de-ionized water.
The wet 3-PTI/HCuCl was then dried by vacuum.

C. Characterization techniques

Powder X-ray diffraction (PXRD) data on the PTI/Cu materials
were taken using Mo Ka radiation (4 = 0.7107 A) from a sealed
tube X-ray source (40 kV, 36 mA). The structures were refined
within the software package GSAS-II. Additional details are
described in the ESI.{ Fourier transform infrared spectroscopy
with attenuated total reflection (FTIR-ATR, Cary 630 FTIR
Spectrometer) was used to characterize local organic func-
tional groups. Raman spectroscopy was acquired by measure-
ments consisting of 25 scans from 600 to 4000 cm™'.
Characterization by scanning electron microscopy (SEM) uti-
lized a FEI Verios 460L field-emission instrument operated at
13 pA current and 0.5-2 kV electron landing energy with
sample bias of 0.5 kV. X-ray photoelectron spectroscopy (XPS;
Kratos Analytical Axis Ultra) with an Al Ka (1486.6 €V) gun was
operated at 10 mA and 15 kV. All spectra were calibrated by
shifting the adventitious C 1s peak to 248.8 eV. The survey
spectra and high-resolution scans for C 1s, N 1s, Cu 2p, Cu
LMM were acquired. Nuclear magnetic spectroscopy (NMR;
Bruker Avance NEO) was taken at 600 MHz. Dynamic light scat-
tering measurements were used to assess particle size in solu-
tion with a Malvern Panalytical Nano-Zetasizer.

This journal is © The Royal Society of Chemistry 2024
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D. Electrocatalytic CO, reduction

A quartz H-cell was utilized that consisted of two ~15 ml cells
connected by a bipolar membrane (Fumasep FBM). The head
space was sealed by a compression top with four ports, a gas
inlet (fritted), gas outlet, sampling septa, and a glassy carbon
electrode. The oxidation cell is fitted with a platinum wire
counter electrode and Ag/AgCl(sat) reference electrode. The
buffer solution in the electrode compartments consisted of
~10 mL of 0.5 M potassium bicarbonate (KHCO;) at pH ~6.8.
Samples were purged with CO, then the applied bias was swept
from 0 to —1.7 V vs. Ag/AgCl(sat). All electrochemical experi-
ments were performed using a Pine instruments WaveDriver 200
EIS Bipotentiostat/Galvanostat from 0 to —1.7 V vs. Ag/AgCl(sat).

To prepare the polycrystalline electrodes, a buffered (0.5 M
KHCO; in DI water) slurry of the carbon nitride material
(~40 mmol) was stirred at 1000 rpm. An FTO slide was placed
horizontally, face down, just below the meniscus of the slurry
solution. Bulk electrolysis at —1.4 V vs. Ag/AgCl(sat) was then
run for 90 min, after which the electrode was allowed to air dry
prior to its use. The identification and quantification of
gaseous reaction products were performed with an Agilent
8890 gas chromatograph. A custom-built inline valve system
and column configuration of the GC is illustrated in the ESL¥
A carbon plot (column 1) and a mol sieves (column 2) column
were installed in series through switching valves. The carbon
plot decelerates the elution of CO, relative to other gases such
as O,, N,, H,, and CO. The mol sieves column is used for sep-
aration of gaseous products with specific retention times. A
thermal conductivity detector was used to primarily monitor
0,, N,, and H,. A methanizer (nickel hydrogenation catalyst)
was paired with a flame ionization detector for enhanced sen-
sitivity to detect CO, which is done in series with the TCD
measurements. Argon was used as the carrier gas. Details of
the GC valve configuration are given in the ESL{

E. Computational methodologies

As the starting point of GW calculations, density functional
theory (DFT) calculations were performed using Quantum
ESPRESSO code.”>” The Kohn-Sham (KS) wave functions
were represented in a plane-wave basis using the norm-conser-
ving ONCV pseudopotentials with a kinetic energy cutoff of 50
Ryd. PBEO hybrid exchange-correlation approximation was
used in the calculations.”®**! Using the KS orbitals and ener-
gies, quasiparticle (QP) energies were obtained by performing
GW method calculation within the GoW, approximation using
the BerkeleyGW code.?* Hybertsen-Louie generalized plasmon
pole model was used to model the dielectric function and
random phase approximation was used for the screened
Coulomb interaction.”> The GW calculations were converged
to within 1 kgT with respect to parameters. An 80-atom super-
cell with periodic boundary conditions (PBC) was used for the
calculation of the bulk PTI system. The dimension of the
supercell used was 14.67 A x 8.47 A x 6.72 A, and it consisted
of two layers of PTI in the Ala structure in space group
Ama2.'® Each layer contained two pores with the cation located
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in-plane within the PTI layer while the halides were interca-
lated in between the pores of the two PTI layers. A 2 x 4 X 4
Monkhorst-Pack k-point grid was used for sampling the
Brillouin zone.** The two-dimensional monolayer of PTI was
modeled using a 36-atom supercell, and its dimension was
14.67 A x 8.47 A x 20.00 A. One cation atom was removed from
each pore of the PTI to ensure that the system remained
charge neutral. While PTI/Cu can have up to two Cu cations
per pore, the use of PBC in the calculation makes it difficult to
model this kind of charge non-neutral situation. The calcu-
lations were performed using a 2 X 4 x 1 k-point grid sampling
the Brillouin zone.

For calculation of the mechanistic pathway of CO,
reduction, DFT methods utilizing the B3LYP functional were
employed for optimization of all complexes in this study.**
Note that a molecular model of a single pore was employed in
these calculations that allowed convenient accounting for
solvent effects as well as the charge changes at the catalytic
center due to the reduction events and proton transfers.
Additionally, the basic electronic structure of the molecular
model was in close agreement with the electronic structure for
the monolayer, with the frontier orbitals (HOMO and LUMO)
being localized on the two Cu atoms. The 6-311G* basis set
was used for all atoms (H, C, N, O), except for Cu, where the
Stuttgart-Dresden (SDD) basis sets and its accompanying pseu-
dopotential was employed.>*” Solvent effects (water) were
included in all the calculations via the polarizable continuum
model (PCM).*® Vibrational frequency analysis was performed
to ensure that the optimized structures correspond to minima
on their respective potential energy surfaces. The frequency
calculations were also used to obtain zero-point energies and
entropic corrections to the free energy (assuming a tempera-
ture of 298.15 K and 1.0 atm, respectively) using standard stat-
istical mechanical conventions. The calculated reduction
potentials (E°) were determined relative to the ferrocene
couple through eqn (1):

AGsol

E(inV) = —= 2

—5.25 (1)
where AG,, is the change in solvated free energy upon
reduction, 7 is the number of electrons (in this case, 1), and F
is the Faraday constant. The calculated half-cell potential for
the ferrocene couple (5.25 V) was obtained by using the same
level of theory as that of the complexes since this reduces the
errors in the calculated redox potential.>* In order to report
the redox potential vs. SHE, a 0.45 V correction factor was
added. All calculations were carried out using the Gaussian 16,
Revision A.03 software package.*

lll. Results and discussion
A. Synthesis and structural characterization

Reactions of low-melting molten salts containing the Cu(r)/Cu
() cations were performed under vacuum and resulted in the
partial to complete exchange with the Li cations in PTI/LiCl.
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Specifically, crystalline PTI/LiCl was found to react within
eutectic mixtures of either CuCl/KCl (60:40; 1 reacted at
450 °C and 2 reacted at 280 °C) or CuCl,/KCl (55 : 45; 3 reacted
at 350 °C), yielding the chemical compositions of 1-PTI/
LiCuCl, 2-PTI/Cu,Cl, or 3-PTI/HCuCl, respectively. Powder XRD
data of each showed significant differences, with structure
refinements yielding slightly different Cu-coordination con-
figurations and compositions within their intralayer cavities.
Plots of Rietveld refinements of their powder XRD data are pro-
vided in the ESI.f Generally, the structures of 1-3 showed the
maintenance of the underlying carbon nitride framework
upon coordination by the Cu cations, where each structure
contains either one or two of the three types of layers visual-
ized in Fig. 1. All three types of layers exhibit a similar near-
hexagonal pattern of intralayer cavities, each built from six tri-
azine units that link through imide bridges. In PTI/LiCl, the
intralayer cavities contain only H and Li cations. After
exchange with Cu cations, each intralayer cavity contains up to
two Cu cations coordinated to the N-triazine groups.

A predominant difference in each of the Cu-coordinated
carbon nitride materials was in the number (0, 1 or 2) of Cu
atoms contained within each intralayer cavity. Each intralayer
cavity has three chelating imide-bridged N-triazine sites for
coordination to multiple Cu cations. Results of elemental ana-
lysis, Table S2,T reveal that 1 and 3 contain one Cu per intra-
layer cavity (on average), while 2 consists of two Cu per intra-
layer cavity. The refined crystal structure of 1-PTI/LiCuCl
showed a best fit that was consistent with the partially-dis-
ordered structure previously reported in space group
Cmc24,"”*' in which two metal cations are disordered over the
three crystallographic sites, illustrated in Fig. 1A. Thus, the
structure contained one Cu cation, on average, per intralayer
cavity, consistent with EDS data. By contrast, EDS analysis of
the products obtained from the lower-melting CuCl/KCl salt
flux at 280 °C revealed double the amount of Cu, or two Cu
atoms per intralayer cavity. Structural refinements for this
compound, 2-PTI/Cu,Cl, were attempted for each of the poss-
ible ordered configurations previously reported for Li,'® but
with replacement by Cu in each case. The results are listed in
Table S1,T with space group, wR% of fitting, and references for
the published models. Of these, the structural model showing
the generally best fit to the experimental pattern was obtained
in space group P2,/m, which accounted for all diffraction
peaks. The intralayer cavities of 2-PTI/Cu,Cl thus contained
two ordered Cu atoms, shown in Fig. 1B. The two Cu are separ-
ated at ~3.72 A, and both in a tetrahedral coordination
environment consisting of Cu-Cl (x2; not shown in Fig. 1 for
clarity) and Cu-N (x2). Thus, the reaction temperature and
type of flux was observed to control the amount of Cu co-
ordinated within the intralayer cavities.

By contrast, the Cu-containing PTI material from the reac-
tion in CuCl,/KCl at 350 °C, ie., 3-PTI/HCuCl, exhibited
marked changes in its diffraction pattern. Rietveld refinements
of 3-PTI/HCuCl could not be matched with any of the reported,
20 possible ordered or partially-disordered polymorphs.®*°
Attempted structural refinements instead revealed a mixture of

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Extended structural views of single layers (lower) and isolated intralayer cavities (upper) of the Cu-containing layers for (A) 1-PTI/LiCuCl (1
Cu, 1 Li), (B) 2-PTI/Cu,Cl (2 Cu, 0 Li) and the additional delithiated layer (C) only present in the structure of 3-PTI/HCuClL.

two types of layers, Fig. 1(B and C), that pack together. One
consisted of a de-lithiated layer wherein the chloride anion is
located within the cavity surrounded by four N-H protons,
Fig. 1C, as reported previously for the structure of PTI-HCL'""
The other layer contains two Cu cations per cavity at ~3.89 A
apart, Fig. 1B, in a tetrahedral coordination environment with
Cu-Cl and Cu-N (x2 for each), similar to that described above
in 2. With a 50:50 ratio of the two layers, this structure also
yields an average of ~1 Cu atom per cavity, though, with half
of the layers containing two Cu cations. The refined chemical
compositions of each of the PTI/Cu materials, 1, 2 and 3, were
consistent with results from SEM-EDX and elemental analyses,
given in the ESI.f The FT-IR, Fig. S1 in the ESI,j exhibited an
increased N-H stretched region corresponding with the greater
H content expected for the composition of 3-PTI/HCuCl.

B. Electrophoretic deposition of catalyst films

The attainment of relatively well characterized Cu-coordination
sites within the structure of PTI motivated subsequent investi-
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gations into the impact of Cu coordination and content (i.e. 1
or 2 Cu cations per cavity) on the selectivity of CO, reduction
(CO,R) versus H,O reduction, as well as selectivity of product
formation from CO,R. Measurements of CO,R by these com-
pounds were conducted by leveraging a new low-bias, electro-
phoretic deposition of their crystallite particles from an
aqueous 0.5 M KHCOj; solution. While the electrophoretic
deposition technique is known to be advantageous for the
deposition of soft materials onto complex geometries, it has
previously been reported to typically require 100’s of volts to
achieve particle deposition.”” Owing to the charged layers of
Cu-coordinated PTI, its crystallites could be deposited at just
—1.4 V versus Ag/AgCl in an H-cell cathodic compartment,
Fig. 2A (inset) after 90 min. SEM images in Fig. 3(A and B) of
3-PTI/HCuCl films after 90 min show well-formed crystallites
with dimension ~250 nm. This imaging confirms that smaller
crystal particles deposit during the early stages of growth, with
larger crystallites depositing at relatively longer times during
the process.
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(A) Cyclic voltammograms of a glassy carbon electrode placed in a 0.5 M solution of KHCO3 and suspended particles of 1-PTI/LiCuCl were

measured before and after a 90 min electrophoretic deposition, and (B) a stack plot of cyclic voltammograms after 90 min electrophoretic depo-
sition of paticles of 1-PTI/LiCuCl, 3-PTI/HCuCl and the controls of PTI/LiCl and graphitic carbon nitride (g-CzN,).
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Fig. 3

(A and B) SEM image of 3-PTI/HCuCl particles deposited onto an FTO electrode after 90 min electrophoretic deposition, showing the

characteristic hexagonal, rod-shaped crystals. The inset is a generalized schematic of the deposition process.

C. Catalytic CO, reduction measurements

The crystallites were deposited onto either FTO or glassy
carbon over the course of 90 min. After deposition, cathodic
current densities of ~1 to 5 mA cm™> were measured at —1.4 V
vs. Ag/AgCl, consistent with the electrocatalytic reduction of
protons and CO,. Afterwards, the electrodes showed a signifi-
cantly enhanced current density of ~30 to 50 mA cm™> at —1.7
V vs. Ag/AgCl, Fig. 2A. By comparison, neither PTI/LiCl nor
¢-CN showed a similar current density under identical con-
ditions, Fig. 2B, confirming the deposition and CO,R catalytic
activity arises from the Cu-containing PTI. The cyclic voltam-
mograms (CV) measured using electrodes without deposited
catalyst showed much smaller current densities.
Chronoamperometry measurements using 3-PTI/HCuCl were
conducted at three applied biases, and the results are shown
in Fig. 4A. At too low of an applied bias very small amounts of
H, and CO were observed, while at a high applied bias the
films delaminated quickly. An applied bias of —1.4 V vs. Ag/
AgCl was found to be optimal because the current density

increased linearly with time, demonstrating the films and cata-
Iytic activity remained stable. Control experiments in a NaCl
buffered solution in the absence CO, and KHCO; showed only
H, was produced.

Observed CO,R products at —1.4 V vs. Ag/AgCl gave faradaic
efficiencies (FE) that differed greatly depending on the Cu
content, Fig. 5A. Between 1-PTI/LiCuCl and 2-PTI/Cu,Cl the
primary difference was the Cu content, i.e., one Cu versus two
Cu cations per PTI pore, respectively. Plotted in Fig. 5,
product selectivity for one versus two Cu per pore included
CO (15% versus 10%, respectively), formate (14% versus 45%),
and H, (71% versus 45%). Thus, two Cu atoms per pore sig-
nificantly increased formate selectivity and a higher selecti-
vity for CO, reduction overall. Labeling studies using **C were
conducted in duplicate with 0.5 M KH"?CO; and '*CO, as
carbon sources and confirmed the origin of formate as
arising from CO,R, given in the ESI (Fig. S13 and S14f).
Overall cathodic currents remained largely the same. In the
case of 3-PTI/HCuCl, the observed product selectivity of
formate, CO, and H, were approximately 18, 13, and 69%,
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respectively. Only in the case where the PTI/Cu catalyst con-
tained two Cu atoms per pore was a greater FE of CO,R pro-
ducts observed.

Another factor impacting CO,R was crystallite size. In elec-
trophoretic deposition it is established that the smallest crys-
tallites will deposit the fastest.>*® Therefore, films with
different crystal sizes can be readily obtained by sequentially
depositing crystal films from a single starting slurry. When 3-
PTI/HCuCl was sequentially deposited from the same starting
slurry onto three FTO electrodes, the FE varied as a function of
crystal size. A larger amount of CO,R was found to occur with
the smallest crystallites deposited from a fresh solution of the
aqueous suspension, Fig. 6A. In the first run (run 1), the smal-
lest particles have been extracted from solution, thereby
leaving larger PTI/Cu particles to deposit from solution in the
subsequent runs (runs 2 and 3). This sequence of larger PTI/
Cu particles was confirmed using dynamic light scattering
Fig. 6B. As these sequential depositions resulted in increas-
ingly larger crystallites on the substrate, the FE for CO,R
decreased from 35 and 42% in runs 1 and 2, to a much lower
14% in run 3. A range of crystallite sizes depositing from solu-
tion also likely leads to particle distribution inhomogeneities
and to the FE varying within +10% between CO,R experiments.
Computational approaches were used to understand these
trends in CO,R, described below.

100
11
A 23 3 18
75 13
19
50
86
69
25 58
0

Product Selectivity (%)

Run 1 Run 2 Run 3 Average
Sequential wafer loadings
mH2 ®mCO ®Formate

While electron microscopy confirmed the crystallite mor-
phologies and elemental compositions remained stable and
unchanged during the CO,R experiments, XPS measurements
were used to assess the possible changes in the Cu oxidation
states and coordination environments closer to the surfaces.
XPS data confirm that the relative atomic % of N, Cu, Cl and Li
remain consistent both before and after CO,R experiments, as
given in the ESL.} After CO,R, the ex situ XPS data in Fig. 7(A
and B) show the Cu() feature remains dominant to the Cu(u)
feature, and the Auger Cu L3M,5M,5 parameter (Fig. S9 in the
ESI}) is consistent with CuCl and CuCl, bonding environ-
ments before and after CO,R, in agreement with the coordi-
nation environment of the Cu cation in 3-PTI/HCuCl.** The
post-reaction FT-IR data also maintain absorbance peaks con-
sistent with the PTI/LiCl structure and functional groups,
shown in Fig. S12.1 These data confirm that both the crystal-
lites and their Cu-coordination sites within the intralayer cav-
ities at the surfaces of the carbon nitride are either main-
tained, or reversibly recovered, before and after the CO,R
experiments.

D. Electronic structure and mechanistic calculations

First-principles electronic structure theory was employed to
analyze both the bulk and two-dimensional (2D) monolayer
form of PTI/Cu for insights into how the substitution of Li for
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Fig. 6 Plots of the (A) product selectivities for 3-PTI/HCuCl particles when deposited sequentially from a solution at —1.4 V vs. Ag/AgCl, and (B) the
range of particle sizes deposited onto the surface when re-suspended into solution via sonication and measured by DLS.
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Fig. 7 Ex situ XPS high resolution spectra Cu 2ps,, region for 3-PTI/HCuCl before reaction (A) and after reaction on the electrode (B), including
experimental (black-solid), background (black-dotted), fitted Cu(0)/Cu() peak (green-dashed), fitted Cu(i) peak (blue-dashed), and total fitted signal
(red-solid). Results of calculated projected density of states (PDOS) on atomic orbitals, based on the quasi-particle energies obtained at GoWo@PBEO
level of theory for (C) bulk PTI/Cu and (D) monolayer PTI/Cu. Conduction band minimum (CBM) is set as the reference energy (i.e., E = 0 eV).

Cu cations impacts the electronic structure of PTI and the
ability to facilitate CO,R at its band edges.>® Specifically, the
GW method was utilized in the framework of many-body
Green’s function theory, starting with PBEO hybrid exchange-
correlation density functional theory (DFT) calculation.?*?
Fig. 7(C and D) shows the atom-projected density of states
(DOS) of the bulk and monolayer form of PTI/Cu. The main
difference in the DOS is observed in the band gap and conduc-
tion band (CB) energy. As the bulk PTI becomes more of two-
dimensional (2D) and reaches a monolayer limit, the band gap
increases as expected due to the quantum confinement effect.
Interestingly, Cu-based states increasingly shift to dominate at
the bottom of the CB edge. We note that this energy lowering
of the metal cation states is not unique to the Cu(i) cation but
also found for the Li case, i.e., PTI/LiCl (see ESIT). While the
PTI/Cu crystallites have different sizes and thicknesses, these
results indicate that the highest activities for CO,R are associ-
ated with the concomitant shifting of the Cu states closer to
the CB edge with decreasing particle thickness. The maximal
rates should thus be obtainable close to the monolayer limits,
consistent with the CO,R experiments, ie., runs 1 and 2 in
Fig. 6A with the smallest particles.

Density-functional theory calculations were employed to
elucidate the thermodynamics of the electrocatalytic reduction
of CO, to CO and formate. With the benefit of a defined crys-
talline structure allowing more accurate computational model-
ing of mechanistic reaction pathways to CO,R products, one
aim was to shed light on the large difference in CO,R observed
between one Cu and two Cu atoms per cavity. Shown in Fig. 8

6786 | Dalton Trans., 2024, 53, 6779-6790

is the resulting mechanistic scheme for a PTI/Cu, cavity with
the calculated binding energies and reduction potentials. The
first and second reduction potentials of the starting complex
were calculated. However, due to the instability of the doubly
reduced complex, only the calculated first reduction potential
of —1.1 V vs. SHE is shown. To begin the catalytic cycle,
adsorption of CO, by the two Cu sites of the complex
([PTI-Cu,]") may occur either before or after the one-electron
reduction. The free energy of CO, binding after the first
reduction (—2.82 kcal mol™") is more favorable than the initial
binding of CO, to the two Cu sites of the starting complex
(+4.03 kcal mol™"). This occurs because of shifting of the two
Cu atoms closer together after reduction. The reduction poten-
tial after CO, binding (2b to 3) is —1.04 V vs. SHE. Based on
the reasonable agreement between the first reduction potential
at the applied bias potential of about —0.75 V vs. SHE in Fig. 2,
as well as the calculated exergonic CO, binding energy after
the first reduction, this indicates that CO, binds to the two Cu
atoms after their reduction which begins the catalytic cycle.
The coordinated CO, complex (3; [PTI-Cu,-CO,]) can undergo
a reduction reaction followed by protonation or protonation
followed by reduction to form the intermediate, [5; PTI-Cu-
COOH]. Next, subsequent protonation of the intermediate on
the terminal hydroxyl group and the release of H,O steers the
cycle towards CO formation, while protonation of the carbon
leads to formate. For the CO cycle, protonation with the
release of H,O is thermodynamically favorable, with a free
energy change of —5.47 kcal mol™". Desorption of CO is an
uphill process (AG = +14.89 kcal mol™"), indicating that its

This journal is © The Royal Society of Chemistry 2024
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release is less favorable. An uphill process is also observed for
the desorption of formic acid (AG = +7.87 kcal mol™), at a
relatively smaller free energy. The two-fold decrease in the free
energy with the release of formate suggests its greater selecti-
vity as compared to CO, as observed experimentally. Future
studies could be aimed at preferential protonation of the term-
inal hydroxy group or carbon in intermediate 5 to achieve a
higher product selectivity.

Calculations were also performed for PTI-Cu, ie., having
only a single Cu atom coordinated within a cavity. The
mechanistic pathway reveals a similar reaction mechanism of
CO, reduction due to the same active site configuration, Cu-
CO,. However, a major difference was the much larger negative
reduction potential for PTI-Cu, which suggested a larger
amount of energy is needed to drive its CO, activation. A com-
parison of the relative sizes of the energetic steps for one Cu
(PTI-Cu) versus two Cu (PTI-Cu,) per cavity are shown plotted
together in Fig. S18, ESL.} From the natural orbitals (NO) ana-
lysis of the reduced species (2a), Fig. S15,1 electron reduction
occurs on the ligand for PTI-Cu and on the metal (Cu-Cu) for
PTI-Cu,, thus resulting in a decreased Cu-Cu bond distance
for PTI-Cu,. These results suggest the cooperativity effect of
the second Cu atom arises from the decreased Cu-Cu distance
that results in a lowering of the reduction potential of PTI-Cus,.
This is in close agreement with experiment, with the greater
FE of PTI/Cu,Cl exhibited for CO,R with its two Cu atoms per
cavity. Also of note is the shifting of the Cu cation out of the
plane of the intralayer cavity, especially after the second elec-
tron reduction. This would be expected from the change in
local coordination environment preferences for Cu(0) versus
Cu(1), where the former would be expected to shift out of the
plane with its coordination being significantly weakened by
increased antibonding interactions to the N-triazine groups. In
molecular complexes, this feature highlights its tendency to
decompose at the electrode surfaces with the loss of the free
ligands and nucleation as metallic copper clusters. However,

This journal is © The Royal Society of Chemistry 2024

the rigid covalent framework of PTI/Cu maintains the ability of
the Cu cations to re-coordinate at the end of the cycle.

Lastly, the product selectivity and overpotentials are com-
petitive to those found in Cu-coordination complexes,™* but
with the current Cu-coordinated-PTI materials yielding signifi-
cantly higher cathodic currents than in known molecular com-
plexes. Also, these results compare to prior studies on electro-
catalysis mediated by metallic-Cu(s) and Cu-coordinated
carbon nitride materials, where the products of CO,R typically
yield a significantly different mixture of methane, carbon mon-
oxide and ethanol.*> For example, a recent, related study on
the electrocatalytic CO, reduction by Cu-coordinated (~1.5
at%) PTI and PHI materials gave a high selectivity (>60%) for
CH, within a gas diffusion electrode configuration.*®
Analogously, photoelectrochemical and photocatalytic CO,
reduction studies on carbon nitride materials coordinated by
Cu-catalyst sites at their surfaces have exhibited a high selecti-
vity for either CH, or CO.'®*” Thus, these comparatively lower
Cu-loadings yield a different product selectivity. Conversely,
the results of the current study demonstrate that a near-
maximal coordination of Cu within both the bulk and surfaces
of the PTI structure yields a higher selectivity for formate as
the CO,R product, consistent with the results of the mechanis-
tic calculations.

IV. Conclusions

In summary, the coordination of copper within the intralayer
cavities of crystalline poly(triazine imide) can be achieved
using low temperature flux-based reactions with a CuCl, CuCl/
KCl or KCl/CuCl, mixture at temperatures from 280 to 450 °C.
The crystalline structures reveal that up to two Cu cations can
be coordinated per intralayer cavity, depending on the reaction
conditions. The micron-sized crystallites could be electrophor-
etically deposited onto glassy carbon and FTO substrates at
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remarkably low applied biases of ~1.4 V, thus maintaining the
particle integrity and crystalline structure without decompo-
sition. This deposition process yields polycrystalline films with
stable cathodic current densities ranging from ~5 to 50 mA
em™? for the reduction of water and CO,, the latter being
favored for 2-PTI/Cu,Cl with the higher amount of intralayer
copper sites and for thinner crystallites. Key discovered factors
include the impact of multiple Cu coordination sites on the
intermediate energies and CO,R products. The results of calcu-
lations demonstrate a shift of the Cu-based states to the edge
of the conduction band for thinner, exfoliated layers, and an
energetic preference to produce formate over CO for two Cu-
sites per intralayer cavity. Thus, the more ordered carbon-
nitride structure helps to reveal new mechanistic insights into
the CO,R pathways relevant to Cu-containing materials and a
deeper molecular-level understanding needed to optimize
CO,R in future investigations. In summary, a promising new
approach has been demonstrated to coordinate Cu as well as
other transition-metal cations within the intralayer cavities of
crystalline carbon nitride to leverage its stable covalent frame-
work for electrocatalytic reactions.
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