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ABSTRACT: Inherently disordered structures of carbon nitrides have hindered an atomic level tunability and understanding of their
catalytic reactivity. Herein, coordination of copper cations within a crystalline carbon nitride, i.e., poly(triazine imide) or CNy, was
found to yield two ordered structures for Cu-CNy wherein one or two Cu(l) cations coordinate to its intralayer N-triazine groups. The
crystallites electrophoretically deposit from aqueous particle suspensions and yield current densities of ~10 to 50 mA/cm? with a
concomitant and increasing reduction of CO, and H,O. Reduction of CO; increases for smaller particles as mechanistic calculations

reveal its catalysis mediated by two intralayer Cu atoms.

At this present moment the production of carbon dioxide
(CO,) from 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 fuels. Research into carbon nitrides
has surged in importance because of their promising catalytic
activities for the reduction of carbon dioxide (CO2R), such as
when impregnated with metals, and producing carbon monox-
ide, formate, and/or methanol.’® While promising, these mate-
rials lack sufficient crystallinity for in depth structural charac-
terization of the local coordination environments or determina-
tion of mechanistic pathways with atomic-level detail. Rele-
vant mechanisms are hypothesized assuming idealized models.

Most studied carbon nitrides are layered but amorphous ma-
terials containing heptazine monomers with alternating sp? car-
bon and nitrogen. The carbon to nitrogen ratio is typically
CsN,, or otherwise known as graphic carbon nitride (g-CsNa).”
A more highly crystalline carbon nitride, poly(triazine im-
ide)-Li,Cl (PTI/LICI; CeNgH.Li,Cl), consists of triazine rings
linked by imide bridges. Notably, it also contains intralayer
cavities with two Li and two H cations 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 transition-metal cations (e.g.,
Cu(l)) with the maintenance of its structure.

The extent and impact of Cu coordination within the crystal-
line PTI/LiCl structure, as well as for its activity for CO2R, has
been found to yield highly ordered structures for understanding
product formation and mechanistic pathways at the atomic
level. Crystalline PTI/LiCl was prepared according to prior

literature'® and reacted with either a eutectic mixture of
CuClI/KCI (60:40) or CuCl,/KCI (55:45), yielding PT1/Cu-low
and PTI/Cu-high, respectively. Details are provided in the Sup-
porting Information. Both attained a maximal amount of Cu cat-
ions, on average, of one per cavity. However, powder XRD
data showed significant differences, with refinements yielding
different configurations and contents for their cavities.

The structures of both PTI/Cu-low and -high both generally
show the maintenance of the underlying carbon nitride frame-
work upon coordination by the Cu cations, visualized in Figure
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single layers (lower)
and isolated intralayer cavities (upper) of the (A) Cu-contain-
ing layer for PT1/Cu-low (1 Cu, 1 Li) and PTI/Cu-high (2 Cu,
0 Li) and the (B) additional delithiated layer only present in the
structure of PT1/Cu-high.
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Figure 2. (A,B) SEM image of PTI/Cu-high particles deposited onto an FTO electrode after 90 min, (C) cyclic voltammetry (CV) of
PTI/Cu-high, both before and after photoelectrophoretic deposition for 22 hin 0.5M KHCOs, (D) CV’s of PTI/Cu-high, -low and control
samples of PTI/LiCl and g-CN, (E) charged passed with time at different applied biases for PT1/Cu-high, and (F) Faradaic efficiencies

1. Rietveld refinement of the carbon nitride structure of PT1/Cu-
low shows it maintains the parent PTI/LiCl structure with one
Li cation replaced by Cu per cavity, on average. However, sig-
nificant differences occur for the structure of PTI/Cu-high.
Rietveld refinements of PT1/Cu-high could not be matched with
any of the reported, 20 possible ordered or partially-disordered
polymorphs.®1% Attempted structural solutions instead revealed
a mixture of two types of layers, Figure 1 (A and B), that stack
together. One consists of a de-lithiated layer wherein the chlo-
ride anion is located within the cavity with four N-H protons,
Figure 1A, as reported for the structure of PTI-HCI.1*12 The
other layer contains two Cu cations per cavity at ~3.9A apart,
Figure 1B, in a tetrahedral coordination environment with Cu-
Cl (x2; not shown in Figure 1 for clarity) and Cu-N (x2). A
50:50 ratio of the two layers also yields an average of ~1 Cu
atom per cavity. The PTI/Cu-low and PTI/Cu-high composi-
tions and structures are consistent with elemental analysis from
ICP-OES (CsNgH23CuCl and CsNgH41CuCl) as well as FT-IR
(Supporting Information) that shows a growth in the H content
and N-H stretching region for the latter.

Catalytic CO2R has been intensely investigated for Cu-con-
taining, N-doped graphene and for many of its molecular com-
plexes.t 1% The former is disordered and the latter complexes
decompose at the electrode surface, so atomically-precise cata-
lytic pathways remain unclear.’* To shed new light onto the
reasons for this difficulty, films of the PTI1/Cu materials were
achieved using a new low-bias, electrophoretic deposition of
the particles from an aqueous 0.5M KHCO3. While this tech-
nique has typically required 100’s of volts, particles of PTT/Cu
could be deposited at only -1.4V versus Ag/AgCl in an H-cell
cathodic compartment, Figure 2 (A and B) after 90 min. Well-
formed crystallites of increasing size are found to deposit, rang-
ing from very fine (initially) to much larger ~250 nm crystallites
later. The crystallites were deposited onto either FTO or glassy
carbon over the course of up to 22 h and, after deposition,
yielded a cathodic current density of ~1 to 5 mA cm?at -1.4 V
and the electrocatalytic reduction of protons and CO,. The cy-
clic voltammograms (CV), pre- versus post-deposition, yield a

significantly enhanced current density of ~30 to 50 mA cm? at
-1.7V, Figure 2C. Neither PTI/LiCl nor g-CN showed a similar
response, Figure 2D, confirming the deposition and CO;R cat-
alytic activity arises from the Cu-containing PTI/Cu.

At an applied bias of -1.4 V versus Ag/AgCl, Figure 2E, sta-
ble films were obtained that gave Faradaic efficiencies (FE), for
acetate (~10-20%), formate (~10-20%), H. (~50%), and CO
(~9%). While the FE varied from run to run, a larger amount of
CO2R was found to occur with the smallest crystallites depos-
ited from the initial aqueous suspension, Figure 2F. In electro-
phoretic deposition it is established that the smallest crystallites
will deposit the fastest,'>¢ with sequential depositions resulting
in increasingly larger crystallites on the substrate, giving FE for
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Figure 3. Ex-situ XPS high resolution spectra Cu 2pa2 region
for PT1/Cu-high before reaction (A) and after reaction on the
electrode (B), including experimental (black-solid), back-
ground (black-dotted), fitted Cu(0)/Cu(l) peak (green-dashed),
fitted Cu (I1) peak (blue-dashed), and total fitted signal (red-
solid). Projected density of states (PDOS) on atomic orbitals,
based on the quasi-particles energies obtained at GoWo@PBEO
level of theory for (C) bulk PT1/Cu and (D) monolayer PTI/Cu.
Conduction band minimum (CBM) is set as the reference en-
ergy (i.e., E=0eV).
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Figure 4. Electrocatalytic COzR reduction of CO2 to CO and HCOOH on PTI/Cu-high, with green arrows labeling the lowest energy
pathway. Thermodynamic data reported in kcal/mol and redox potential in V vs Ag/AgCI (in parentheses).

CO;R that decreases from 49% to 38% and then to 27%. The
range of crystallite sizes depositing from solution also likely
leads to some particle distribution inhomogeneities and to the
FE varying within £10% between CO2R experiments.

While electron microscopy confirmed the crystallite mor-
phologies and elemental compositions remained stable and un-
changed during the CO;R experiments, XPS measurements
were used to track possible changes in the Cu oxidation states
and coordination environments closer to the surfaces. XPS data
confirm that the relative at. % of N, Cu, Cl and Li remain con-
sistent both before and after CO2R experiments, see Supporting
Information. After CO;R, the ex-situ XPS data in Figure 3 (A,
B) show the Cu(l) feature remains dominant to the Cu(ll) fea-
ture, and the Auger Cu LsM4sM4s parameter (Supporting Infor-
mation) is consistent with CuCl and CuCl, bonding environ-
ment before and after CO2R, in agreement with the coordination
environment of the Cu cation in PTI/Cu-high.}” These data
confirm that both the crystallites and their Cu-coordination sites
within the intralayer cavities at the surfaces of the carbon nitride
are either maintained, or reversibly recovered, before and after
the CO2R experiments.

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
Cu cations impacts the electronic structure of PT1 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-correla-
tion density functional theory (DFT) calculation.®?* Figure 3
(C, 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 conduction band (CB)
energy. As the bulk PTI becomes more of two-dimensional
(2D) and reaches a monolayer limit, the band gap increases and
Cu-based states increasingly shift to dominate at the bottom of
the CB edge. While the PTI/Cu crystallites have different sizes
and thicknesses, these results indicate that the highest activities
for CO;R is associated with the concomitant shifting of the Cu
states closer to the CB edge with decreasing particle thickness.
The maximal rates should thus be obtainable at the monolayer
limits, consistent with the CO2R experiments.

Next, density-functional theory calculations were employed
to elucidate the thermodynamics of the electrocatalytic reduc-
tion of CO, to CO and formate. Shown in Figure 4 is the result-
ing mechanistic scheme with the calculated binding energies
and reduction potentials. The first and second reduction poten-
tials of the starting complex were calculated. However, due to
the instability of the doubly reduced complex, only the calcu-
lated first reduction potential of -1.34 V' vs Ag/AgCl is shown.
To begin the catalytic cycle, adsorption of CO, on the two Cu
sites of the complex ([PTI-Cuz]") may occur either before or af-
ter 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 com-
plex (+4.03 kcal/mol). This occurs because of shifting of the
two Cu atoms closer together after reduction. The reduction
potential after CO; binding is -1.04 V vs Ag/AgCl. Based on
the reasonable agreement between the first reduction potential
at the applied bias potential of about -1.0 V vs Ag/AgCl in Fig-
ure 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 un-
dergo a reduction reaction followed by protonation or protona-
tion 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 car-
bon leads to formate. For the CO cycle, protonation with the
release of H,O is thermodynamically favorable, with a free en-
ergy of -5.47 kcal/mol. Desorption of CO is an uphill process
(AG = + 14.89 kcal/mol), indicating that its release is less fa-
vorable. 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 selectivity as compared
to CO, as observed experimentally. The formation of CO as an
intermediate is also consistent with pathways leading to acetate
formation. However, C-C coupling leading to acetate could
proceed via multiple different pathways (>10 known possibili-
ties),?? and thus this more complex mechanistic pathway is un-
der ongoing investigation.



Particularly notable is the shifting of the Cu cation out of the
plane of the intralayer cavity, especially after the second elec-
tron reduction as a result of the change in local coordination
environment preferences of Cu(l)/Cu(0). In molecular com-
plexes, this feature highlights its tendency to decompose at the
electrode surfaces with the loss of the free ligands and its nu-
cleation as metallic copper clusters. However, the rigid cova-
lent framework of PT1/Cu-high maintains the capability of the
Cu cations to re-coordinate at the end of the cycle.

In summary, the crystalline poly(triazine imide) can coordi-
nate to copper and then be electrophoretically deposited onto
substrates, displaying cathodic current densities of >5 to 50 mA
cm for the reduction of protons and CO, the latter being fa-
vored for smaller particles. Its highly ordered structure has
helped to reveal mechanistic insights into the CO,R pathways
relevant to Cu-containing complexes. Key discovered factors
include the impact of multiple Cu coordination sites on the in-
termediate energies and CO; reduction products. These results
thus provide fundamental, atomic-level understanding needed
to optimize CO:R, such as being explored in future research ef-
forts aimed at monolayer-based PT1/Cu catalysts.
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SYNOPSIS. Soft electrophoretic deposition of crystallites of Cu-containing carbon nitride (inset) and their electrocatalytic
activity for CO; reduction in aqueous solutions.
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