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ABSTRACT

Carbon nitrides integrating macroheterocycles offer unique potential as hosts for stabilizing metal atoms
due to their rich electronic structure. To date, only graphitic heptazine-based polymers have been studied.
Here, we demonstrate that palladium atoms can be effectively isolated on other carbon nitride scaffolds

including linear melem oligomers and poly(triazine/heptazine imides). Increased metal uptake was linked

to the larger cavity size and the presence of chloride ions in the polyimide structures. Changing the host

structure leads to significant variation in the average oxidation state of the metal, which can be tuned by

exchange of the ionic species as evidenced by X-ray photoelectron spectroscopy and supported by density
functional theory. Evaluation in the semi-hydrogenation of 2-methyl-3-butyn-2-ol reveals an inverse
correlation between the activity and the degree of oxidation of palladium, with oligomers exhibiting the

highest activity. These findings provide new mechanistic insights into the influence of the carbon nitride

structure on metal stabilization.

Keywords: single-atom heterogeneous catalysts, carbon nitride scaffolds, alkyne semi-hydrogenation,

density functional theory, metal-host interaction

INTRODUCTION

The exploration of single-atom heterogeneous
catalysts (SACs) based on noble metals has been
stimulated by the prospect of improving metal
utilization and selectivity simultaneously in sus-
tainable catalytic processes [1-6]. Unfortunately,
atomically dispersed metals on common hosts
(e.g. metals, metal oxides and carbons) are often
thermodynamically unstable and aggregate into
clusters or nanoparticles, especially at elevated
temperature [7]. In this regard, graphitic carbon
nitride (herein denoted as GCN) emerges as a
unique host for preparing SACs due to the presence
of nitrogen-rich macroheterocycles in the lattice,
which can anchor metal atoms firmly [8,9]. The
density of the adsorption pockets also helps to
maintain dispersion by configurational entropy
considerations. In comparison to SACs supported

on other nitrogen-doped carbons, which typically
exhibit significant structural heterogenity, the higher
content and uniform type and arrangement of nitro-
gen species within GCN materials offer abundant
and more precisely defined coordination sites.
Graphitic carbon nitride is regarded as the
most stable polymorph upon polymerization of
common nitrogen-rich precursors (e.g. cyanamide,
dicyanamide and melamine) under ambient condi-
tions, and is widely used as a photocatalyst [10-14].
In agreement with density functional theory (DFT)
predictions of the higher thermodynamic stability,
most experimental studies report the formation
of heptazine- rather than triazine-based molecular
structures [8,9,15-19]. Since the preparation of
GCN is a stepwise polymerization process, various
intermediate phases including melam, melem and
linear melem oligomers (LMO) can be obtained by
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Figure 1. |dealized structure motifs and high-resolution TEM images of LMQ, GCN, PTl and PHI. Sites that further polymerize in the extended structure
are indicated with parentheses. Color codes: gray, C; blue, N; white, H; pink, Li; purple, K; orange, Cl. The relaxed structures are shown in Supplementary
Fig. 16.

varying the synthesis conditions (temperature, pres-
sure or atmosphere) [20,21]. On the other hand,
highly crystalline carbon nitrides comprising or-
dered poly(triazine imide) (PTI) or poly(heptazine
imide) (PHI) can be assessed either by increasing
the temperature or pressure [22,23] or by ionother-
mal synthesis employing eutectic salt mixtures of
LiX/KX (X = Cl or Br) [23-26] or simply single
alkaline metal chlorides [27,28] as the solvent.
Various metals (Pd, Ag, Pt or Ir) have been
stabilized as single atoms on GCN by using both
direct (e.g. copolymerization, in-situ doping) and
post-synthetic (e.g. wet deposition optionally as-
sisted by microwave irradiation and/or combined
with chemical reduction) approaches [29-36]. The
method of metal introduction is known to im-
pact the distribution of metal centers within the
host, the post-synthetic deposition resulting in
higher surface metal densities and consequently
increased turnover frequencies in the three-phase
semi-hydrogenation of alkynes. Furthermore, both
the accessibility and electronic properties of ad-
sorbed metal species could also be altered by vary-
ing the morphology and porosity of GCN [33].
By doping carbon into the lattice of GCN, we

recently reported the controlled variation of the
C/N ratio, pointing out the potentially critical role
of the strength of the metal-host interaction [35].
However, to date, the preparation of SACs based on
other carbon nitrides including LMO and crystalline
PTI and PHI phases has not been attempted.

To guide the design of improved SACs and
gain insight into the effect of the host structure on
metal stabilization, a series of carbon nitride mate-
rials (LMO, GCN, PTI and PHI) have been pre-
pared (the idealized structure motifs are illustrated
in Fig. 1). The comparative properties of the distinct
scaffolds are studied in depth before and after the in-
troduction of palladium via microwave-assisted de-
position. The single-atom dispersion is confirmed in
all cases by aberration-corrected scanning transmis-
sion electron microscopy, while analysis by X-ray
photoelectron spectroscopy reveals significant vari-
ation in the formal oxidation state of the metal. DFT
calculations are conducted to shed further light on
the interaction of the metal with the different scaf-
folds, which is fundamental to understand the per-
formance that in our case was interrogated through
the semi-hydrogenation of 2-methyl-3-butyn-2-ol.
The possibility to tune the electronic properties of
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Figure 2. (a) XRD patterns, (b) DRIFTS spectra, (c) *C CP/MAS NMR spectra and (d) N
15 XPS spectra of the investigated carbon nitride scaffolds. The sample color codes in
(a) apply to all panels. The transparent blue boxes indicate the reflections and stretch-
ing assignments, where the asterisks indicate bands characteristic of the PTl structure.
In (d), the black lines show the fitted result of the raw data (open symbols), whereas
the green, red and purple peaks corresponding to the deconvoluted C-N = C, NC; and
-NH, components.

the metal via the exchange of intercalated ions in the
polyimides is also demonstrated.

RESULTS AND DISCUSSION
Host properties

The distinct carbon nitride scaffolds were prepared
adapting previously reported protocols [22-25,37].
In particular, LMO and GCN were obtained by di-
rect polymerization of melamine at different tem-
peratures, while PTT and PHI were synthesized by a
similar approach exploiting eutectic salt mixtures of
LiCl/KClI as the solvent. Analysis by X-ray diffrac-
tion (XRD) confirms the characteristic crystalline
structures of the resulting materials (Fig. 2a). In par-
ticular, GCN exhibits an intense reflection at 27.3°
26 (002) associated with the graphite-like interlayer
stacking and a weak in-plane reflection stemming
from heptazine repeating units at 13.1° 26 (100).
PTI features a number of well-resolved reflections,
which are consistent with the expected hexagonal
structure and P65cm space group [23]. The strongest
reflection at 26.8° 26 indexed as the (002) plane
corresponds to an interlayer distance of 0.33 nm,

whereas the (002) reflection of PHI was found to
be at 26.2° 260 (0.32 nm). Note that the reflection
at 12.2° 20 of PTI corresponding to the (100) in-
plane periodicity shifts to a lower angle (8.3° 26) in
PHI In the case of LMO, the XRD pattern agrees
well with previously reported observations, where
the (002) reflection at 25.5° 26 features an interlayer
distance of 0.35 nm [37]. The high crystalline order
of the carbon nitride hosts was further evidenced by
high-resolution transmission electron microscopy
(TEM) imaging (Fig. 1). Although not observed in
GCN due to the in-plane structural disorder and
beam sensitivity, LMO, PTI and PHI exhibited lat-
tice fringes with spacings of 0.35, 0.33 and 0.32 nm,
respectively, corresponding to the (002) planes in
these stacked aromatic structures. Additional lattice
fringes with distances of 0.44 and 0.74 nm were also
observed in the case of PTI (Supplementary Fig. 1),
which can be assigned to the (110) and (100) planes,
respectively.

The distinct structures were further corrobo-
rated by diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS), '3C solid-state cross-
polarization/magic angle spinning nuclear mag-
netic resonance (CP/MAS NMR) spectroscopy
and X-ray photoelectron spectroscopy (XPS). The
DRIFTS spectra (Fig. 2b) evidence the existence
of the aromatic heterocycles in all hosts, showing
the stretching at 1100-1650 cm™!, while the broad
bands at 3000-3300 cm ™ are assigned to the bend-
ing of -NH, terminations [38]. Though bearing
the same building units of heptazine, LMO shows
more intense -NH, breathing modes than GCN, in-
dicative of more peripheral -NH, terminations in
LMO. The cumulated double bonds (-N=C=N-)
at 2184 cm™! are obvious in PTI and PHI, evidenc-
ing the presence of -NH- bridges as in ketene imines
[39]. In addition to the deformation vibrations of
the triazine or heptazine rings at 814 cm™', a unique
band at 670 cm™! in PT1 suggests that triazine rings
are the building units [23,40], instead of the hep-
tazine in the other cases. LMO and GCN show sim-
ilar *C NMR spectra (Fig. 2c) with two main peaks
at 164 and 155-157 ppm, attributed to CN,(NH,)
and CNj; moieties, respectively. These signals are
also present in PTI and PHI, but the ratio between
the intensity at 164 and 157 ppm is much higher,
demonstrating more carbon species close to periph-
ery -NH,. On the other hand, an additional peak
at 168 ppm indicates the presence of triazine rings
in PTI, which can be ascribed to the carbons with
few protons in its proximity [41]. Furthermore, the
main contribution at 288.3 eV in the C 1s XPS spec-
tra (Supplementary Fig. 2) originates from the car-
bon species in the triazine or heptazine rings. Com-
paratively, deconvolution of N 1s spectra (Fig. 2d)
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Table 1. Characterization data of the carbon nitride scaffolds and associated SACs.

Loading Pd surface
SBET® pdb efﬁciencyd density®
Host® Formula® (m?g™h) (wt.%) (%) (jumolpg m~2)
LMO C3Ny86H2.6900.11 3(29) 0.66 33 8.6
GCN C3N4.64H1.5900.10 8(11) 0.58 29 63.8
PTI C3N4.50H2.8900.82Li0.16Ko.05 Clo.12 68 (76) 0.56 100 1.7
PHI C3N4.27H3.1101.43Li0.04K027Clo.o1 31(30) 0.47 95 4.7
PTI-Mg C3Ny.55H2.9600.84Lio.15Ko0.01 Clo.os Mgo.02 80 (110) 0.50 100 1.6
PHI-Mg C3N4.36H3.33801.49Li0.00K0.09 Clo.o1Mgo.10 31 (40) 0.48 96 42

*LMO, linear melem oligomer; GCN, graphitic carbon nitride; PTI, poly(triazine imide); PHI, poly(heptazine imides); PTI-Mg and PHI-Mg, magnesium

ion-exchanged PTI and PHI

Determined by elemental analysis (non-metals) or ICP-OES (metals).
°BET method (in parentheses, the surface area of the SACs).
4Determined by 100 x (actual metal content/targeted metal content).

¢Determined from the surface Pd concentration (from XPS) and area (from gas sorption) of the SACs.

of LMO, GCN and PHI evidence three main peaks
at 398.8, 399.9 and 401.0 eV, which can be as-
cribed to the ring nitrogen (C-N = C), tertiary nitro-
gen (NC;) and terminal -NH, groups. The ratio of
C-N=C/NC; was calculated to be around 6, con-
firming the presence of heptazine as the building
unit [25]. Taking account of the relative nitrogen
content from elemental analysis (Table 1), the sur-
face NH, concentration for LMO was calculated
to be 6.8 mmol g™, which is 1.3-fold more than
that of GCN (5.3 mmol g'). On the other hand,
the absence of the tertiary nitrogen (NC3) and the
C-N=C/NC; ratio of around 2, accompanied by
some shift in the terminal -NH,, suggest again that
the obtained PT1 is built of triazine instead of hep-
tazine units.

The chemical composition of the hosts was de-
termined by elemental analysis and inductively cou-
pled plasma-optical emission spectrometry (ICP-
OES) (Table 1). The C/N molar ratio of LMO
is 0.62, which is lower than its GCN counterpart
(0.65), likely due to the abundant -NH, termina-
tions in LMO. Meanwhile, the C/N ratios of PTI
and PHI are 0.66 and 0.70, respectively, which are
very close to the theoretical values (0.67 for PTI
and 0.71 for PHI). The Li, K, CI molar contents
(in mol.%) in PTI and PHI (PTI/PHI) were cal-
culated to be 2.3/0.3, 0.5/2.2 and 1.0/0.1, respec-
tively. Therefore, it can be concluded that PTI is
intercalated by Li* and Cl~ simultaneously, while
PHI is preferentially intercalated with K. The pres-
ence of exchangeable ions in PTI and PHI offers
a further possibility to tune the electronic proper-
ties of the hosts. Magnesium was chosen as the ex-
changed species, since Mg*" is known to interact
well with the N species in porphyrins and it has a
comparable or smaller ionic radius (o, = 86 pm)
than that of the Lit (90 pm) and K* (152 pm)
ions initially present in the structures. As shown in

Table 1, only 0.41 wt.% Mg was exchanged into the
framework of PTI, while the Mg content can be in-
troduced into PHI up to 1.94 wt.%, indicating that
K" in PHI can be efficiently exchanged with Mg**.
The structure of PTI and PHI remains unchanged
upon Mg”" exchange, as suggested by the similarity
of the XRD patterns (Supplementary Fig. 3).

The distinct morphology of the applied hosts
was visualized by TEM and scanning electron mi-
croscopy (SEM) (Supplementary Fig. 4). In con-
trast to the irregularly shaped LMO and GCN, PTI
displays fiber-like morphology constituted by cu-
bic and hexagonal nanocrystals, while PHI presents
a mixture of rod-like structures and plates. As evi-
denced by argon sorption (Supplementary Fig. 2),
PTI and PHI exhibit higher surface areas (68 and
31 m? g !, respectively) than non-porous LMO and
GCN (3 and 8 m? g, respectively), which is linked
to the nanostructured characteristics of the poly-
imide structures.

Metal stabilization

To study the capacity of the distinct carbon nitride
scaffolds as hosts for single atoms, palladium was
introduced via a microwave-assisted deposition tar-
geting a loading of 2 wt.%. Increased metal depo-
sition was observed for the polyimide structures,
taking up 66% (PTI) and 68% (PHI) of the avail-
able metal leading to palladium contents of 1.32
and 1.35 wt.%, respectively. Comparatively, lower
uptakes 33% (LMO) and 29% (GCN) were ob-
served for the other carbon nitrides (incorporating
0.66 and 0.58 wt.%, respectively). This is tentatively
attributed to the specific binding of palladium by
the former carriers (vide infra) although the higher
surface area of these materials could also enhance
the capacity as a metal host. For an improved cat-
alytic evaluation, two additional SACs based on PT1
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Figure 3. AC-HAADF-STEM images of the fresh and used Pd-SACs based on different carbon nitride scaffolds and Pd 3d core-
level XPS spectra of the fresh catalysts. Some isolated Pd atoms are identified by yellow circles. Additional low-magnification
HAADF-STEM images of the fresh samples are shown in Supplementary Fig. 17. In the XPS spectra, the black lines show
the fitted result of the raw data (open symbols), whereas the magenta and green peaks correspond to the deconvoluted
components. The dashed lines indicate the positions formally assigned to Pd**, Pd** and Pd° species.

and PHI were prepared with metal contents close to
0.5 wt.% (Table 1).

The examination by aberration-corrected
high-angle annular dark-field scanning transmis-
sion electron microscopy (AC-HAADF-STEM)
verified the single-atom dispersion of palladium,
where the higher-atomic-number metal atoms are
visible as the sub-nanometer bright spots on a
smoothly varying gray background signal from the
lower-atomic-number hosts (Fig. 3 and Supple-
mentary Fig. S). To assess the macroscopic metal
distribution, thin cross-sections of the embedded
materials were mapped by energy-dispersive X-ray
(EDX) spectroscopy, indicating a relatively uniform
presence of palladium throughout LMO, PTI and
PHI (Supplementary Fig. 6). In contrast, a surface
enrichment in the concentration of palladium was
observed for GCN, suggesting that the metal is
unable to penetrate deeply into the material.

The influence of the host structure on the elec-
tronic properties of palladium was studied by XPS.
The presence of two different oxidation states was
clearly distinguishable from the Pd 3d core-level
spectra (Fig. 3), at around 338.3 and 336.5 eV, re-
spectively. Based on formal assignments, these peaks
can be attributed to Pd*" (338.3 ¢V) and Pd**
(336.5 eV). Notably, no signal corresponding to
the metallic Pd fingerprint (appearing at 334.9 eV)
was detected in any of the catalysts. These observa-
tions are consistent with the expected strong inter-
action between the isolated atoms and hosts and the
absence of nanoparticles evidenced by microscopy.
Notice that the direct assignment of formal charges
is debatable, and the values above are only used for
reference purposes indicating the existence of palla-

dium species with differing degrees of oxidation or
coordination to atoms with different electronegativ-
ity. Significant variation of the ratio of Pd**/Pd*"
was observed, ranging from 0.19 (Pd-PHI) and 0.31
(Pd-PTI) to 1.04 (Pd-GCN) and 1.32 (Pd-LMO),
indicating that the strength of the metal-host inter-
action can be manipulated depending on the frame-
work structure of carbon nitrides. The relatively high
contribution of Pd*" in PTI and PHI is rationalized
by the possible interaction of palladium with inter-
calated ionic species in these materials (vide infra).
To assess the chemical state of sub-surface palladium
atoms in the SACs, a depth-profiling analysis by XPS
coupled with Ar™ beam etching was conducted tore-
move the surface layer (Supplementary Fig. 7). In all
cases, the Pd 3d core-level spectra are slightly shifted
to higher binding energies, showing an evolution to-
wards Pd*". The charge assignment is done by com-
parison with standards and thus they might differ
from the charges obtained in the DFT calculations.
To gain insight into the relative thermal stabil-
ity, the distinct Pd-SACs were treated both in air
at 673 K and in a flowing 5%H,/He mixture at
433 K, the latter conditions representative of those
typically employed in gas-phase hydrogenation re-
actions [32,42]. The Pd atoms over LMO, PTI and
PHI exhibit high resistance to sintering with no sign
of nanoparticle formation (Supplementary Fig. 8),
while abundant Pd clusters become visible at the
surface of GCN. The lower stability of single atoms
over GCN can be due to several reasons. Compara-
tively, Pd atoms bind weakly to GCN, as evidenced
by the lowest average oxidation state of the metal ob-
served by XPS and supported by DFT calculations
(vide infra). In addition, the surface density of metal
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(-1.76 eV; 356.17 eV) (-2.00 eV; 357.44 V) (-2.78 eV; 356.43 eV)
Figure 4. Optimized Pd coordination sites within different carbon nitride scaffolds with
6 N, 9N and 15 N pockets. Values in parentheses beneath each image indicate the
corresponding formation energies (left), calculated versus an isolated Pd atom or PdCl,
coordination and the relaxed scaffold (the chlorinated system contains Mg?*+ counter
cations between planes) and the calculated Pd 3dXPS assignments (right), respectively.
The top view representations are shown in Supplementary Fig. 18. Coordinated PdCl,
within GCN was calculated for reference purposes despite the absence of CI~ in GCN.
Color codes: gray, C; blue, N; white, H; green, Pd; orange, Cl.

atoms in the case of GCN is significantly higher com-
pared to the other hosts (Table 1), which could
also contribute to their lower stability under thermal
treatment. No reflections associated with Pd phases
are observed in the XRD patterns (Supplementary
Fig. 9) after calcination, in agreement with the pre-
served high dispersion in all cases. Note that, in the
case of LMO, the appearance of a reflection at 6.3°
20 and the merging of the reflections at around 12.6
and 27.4° 20 after calcination indicate the likely for-
mation of a new layered complex, which could have
a similar structure to previously reported complexes
between melamine and cyanuric acid [43]. On the
other hand, the disappearance of the in-plane reflec-
tion peak at 8.3° suggests a lower stability in the case
of PHIL

DFT calculations

DFT has been employed to gain insight into the
stabilization of palladium in the distinct carbon ni-
tride scaffolds and their speciation in terms of Bader
charge and XPS shift (Fig. 4, Supplementary Table 2
and Supplementary Discussion). The optimized lat-
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tices present cavities with different numbers of nitro-
gen atoms (denoted as 6 N, 9 N and 15 N pockets
for GCN, PTI and PHI, respectively). The small 6 N
cavity in GCN can efficiently stabilize Pd in the cen-
ter of the pocket (Pd-6 N) or alternatively by coor-
dinating with four N atoms (Pd-4 N) between two
neighboring planes. In the case of the larger cavities
(9Nand 15 N), Pd is found to adsorb close to two N
centers. A consistent range of Pd 3d shift was noticed
during the simulation of the XPS profiles. In general,
the Pd atoms preferentially reside at the subsurface
layer of carbon nitrides, particularly for PTI. For all
scaffolds, the surface Pd appears to be the least oxi-
dized (Pd*") and they are suggested to be more ac-
tive than their more oxidized counterparts (Pd**)
that are buried more deeply in the material (espe-
cially in the case of PTIand PHI) and therefore less
accessible, which is consistent with the XPS depth-
profiling analysis. In the presence of chlorine, palla-
dium can coordinate in the form of PAN, Cl, that is
also more oxidized than their surface counterparts.
The PACl, are less likely in the smallest cavities, as
they imply a larger perturbation in the scaffold. The
presence of Cl™ negatively affects the activity, since
it lowers the d-band position of the Pd levels (Sup-
plementary Table 2) and it would be necessary to
cleave Pd-Cl bonds (energetically more favorable
than cleavage of Pd-N bonds) to adsorb reactants.
Furthermore, the incorporation of Mg>* in the sub-
surface vacancy of PTI and PHI steadily propels the
Pd species to the surface, which would be expected
to positively influence the activity. Ab-initio molecu-
lar dynamics (MD) simulations were conducted on
Pd-GCN, highlighting the high stability of this sys-
tem. Upon increasing the temperature, the Pd atoms
are observed to fluctuate between the surface (less
oxidized) and subsurface (more oxidized) configu-
rations (Supplementary Fig. 10). The stability of the
Pd-SACs was further assessed in the presence of O,
or H,, sampling the potential energy surface with
relevant intermediates (Supplementary Fig. 11). In
all cases, the adsorption of oxygen is found to have
a stabilizing effect. Two distinct scenarios are ob-
served for the activation of hydrogen, which is found
to occur homolytically, resulting in improved sta-
bility of the single atoms on PTT and PHI, but oc-
curs heterolytically, slightly weakening the coordina-
tion of Pd (by 0.24 eV), on GCN with smaller cav-
ity. The adsorption energy of 2-methyl-3-butyn-2-
ol was probed, confirming the preferred interaction
with surface sites (Supplementary Table 3).

Alkyne semi-hydrogenation performance

The catalytic performance was evaluated in the
semi-hydrogenation of  2-methyl-3-butyn-2-ol,
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which is an important reaction in fine-chemical
manufacturing [44]. Despite comparable metal
contents of the examined SACs, Pd-LMO exhibits
a significantly higher conversion (52%) than other
catalysts (Pd-GCN, 33%; Pd-PTI, 11%; Pd-PHI,
7%) (Fig. Sa). Under the conditions investigated,
the selectivity 2-methyl-3-buten-2-ol
approaches 100% over all samples, evidencing the

towards

high chemoselectivity of isolated single atoms. As
presented in Fig. Sb, the rate of alkenol (2-methyl-
3-buten-2-ol) formation is well correlated with the
average oxidation state of palladium (Pd,,,). For in-
stance, the rate over Pd-LMO with the lowest Pd,,,
of 2.86 reaches 311 mol,jeno; molpg~ ! h™!, which is
more than five times higher than that observed over
Pd-PHI (57 molyjenol molpg™" h™") with a Pd,y, of
3.68. These findings suggest the critical role of tun-
ing the electronic properties of the host structure in
tailoring the strength of metal-host interaction. The
stability of the SACs was further evaluated in
continuous mode in order to exclude the effects
of deactivation due to Pd leaching or aggregation.
Importantly, all Pd-SACs display a constant rate
towards 2-methyl-3-buten-2-ol formation for S h on
stream with no variation in conversion or selectivity
(Fig. Sc). As additional references, four SACs
based on GCN were specifically prepared from
different precursor (dicyandiamide (DCDA)) and
different morphology (exfoliated, mesoporous
and ordered mesoporous carbon nitride (denoted
as ECN, MCN and OMCN)) (Supplementary
Table 1). Impressively, the rates towards 2-methyl-
3-buten-2-0l also fall in the same correlation,
despite
single-atom distribution. Although it cannot be

presenting distinct morphology and
assessed by standard techniques, the abundant
-NH, terminations over the oligomer were sug-
gested to improve the accessibility of the active
Pd centers. Analysis of the used catalysts con-
firms the virtually identical atomic dispersion
(Fig. 3), electronic properties (Supplementary

Time-on-stream (h) Fig. 12 and Supplementary Table 4) and crystalline
structure (Supplementary Fig. 13) compared to
the fresh materials, verifying the stability of the

SAC:s. For reference, the traditional catalyst for the

Figure 5. (a) Conversion and selectivity to 2-methyl-3-buten-2-ol in the hydrogenation
of 2-methyl-3-butyn-2-ol of Pd-SACs based on carbon nitride scaffolds of different lat-
tice structure. (b) Correlation of the rate of 2-methyl-3-buten-2-ol formation with the
palladium average oxidation state. This trend was generalized by considering addi-
tional Pd-SACs based on carbon nitrides with different morphology and ion-exchanged
form, and the nanoparticle-based catalyst on a mesoporous carbon nitride host. The
metal loading was ~0.5 wt.% in all cases. Characterization data of the additional
samples is shown in Supplementary Table 1. (c) The relative rate (r/rg) as a function
of time-on-stream over Pd-SACs based on different carbon nitride scaffolds.

liquid-phase selective hydrogenation of alkynes
based on supported lead-modified palladium
nanoparticles (Lindlar catalyst, S wt.% Pd-3 wt.%
Pb/CaCOj3) was evaluated as a benchmark. While
this catalyst yields a slightly higher rate towards 2-
methyl-3-buten-2-ol (517 mol,jenol molpg~! h™1),
it exhibits significantly reduced selectivity (78% to
2-methyl-3-buten-2-ol) due to over-hydrogenation
(22% selectivity to 2-methyl-3-butan-2-ol). This
further highlights the superior performance of the
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SACs (>95% selectivity to 2-methyl-3-buten-2-ol).
To address the impact of magnesium incorporation
on the catalytic performance, ~0.5 wt.% Pd was
introduced into PTI-Mg and PHI-Mg (Table 1,
Supplementary Fig. 3 and Supplementary Fig. 14).
The alkenol formation rates over Pd-PTI-Mg and
Pd-PHI-Mg are 102 and 94 mol,jkenol molpg! h7},
respectively, which is 1.2 and 1.6 times better
compared to those without Mg*" incorporation,
while the selectivity towards 2-methyl-3-buten-2-ol
is 100% all samples. Again, the reaction rates also
correlate with the palladium average oxidation state
(Fig. Sb), which further demonstrates the impact
of tuning metal-host interaction by tailoring the
electronic properties of carbon nitride scaffolds. For
comparative purposes, a nanoparticle-containing
catalyst based on a mesoporous carbon nitride
host (Pd NPs-MCN, with average Pd oxidation
state of 2.7; see STEM image in Supplementary
Fig. 15) was prepared. Evaluation of this material
evidenced a lower rate towards 2-methyl-3-buten-
2-0l than the expected trend (Fig. S), which is
consistent with the different metal speciation in this
catalyst.

CONCLUSIONS

This study demonstrated the obtainment of SACs
on three previously unreported carbon nitride scaf-
folds, namely linear melem oligomers poly(triazine
imides) and poly(heptazine imides). The larger cav-
ity size and presence of chloride ions in the poly-
imide structures facilitate the accommodation of
palladium and enhance the metal-host interaction
and thus higher resistance to sintering. An inverse
correlation is observed between the activity for semi-
hydrogenation of 2-methyl-3-butyn-2-ol and the de-
gree of oxidation of palladium, where the oligomers
exhibit the highest activity. This was further gener-
alized over additional previously reported materials,
highlighting the critical importance of controlling
the oxidation state of isolated metal atoms. The in-
tercalated alkaline metals within the network of PT1
and PHI were demonstrated to be able to exchange
with other ions such as magnesium, presenting an-
other opportunity to tune the catalytic performance
in hydrogenation. The least oxidized surface Pd**
species are suggested to be more active than the
Pd** species that reside deeper in the material; how-
ever, this high positive charge can also appearif some
ligand remains as PAN,Cl, coordination appears.
The findings provide an opportunity to systemically
design effective SACs to boost the atom efficiency
at an atomic level by constructing the host lattice
structure.

METHODS
Carbon nitride synthesis

LMO and polymeric GCN were prepared by cal-
cining melamine (8 g) at the desired temperature
(723 K for LMO and 823 K for GCN with a ramp
rate of 2.3 K min™!) in a crucible for 4 h under a
nitrogen flow (15 cm® min~'). PTT and PHI were
prepared by ball milling eutectic salt mixtures of
LiCl (4.52 g)/KCl (5.48 g) together with a corre-
sponding precursor (melamine (1 g) for PTI and
3-amino-1,2,4-triazole-5-thiol (2 g) for PHI) for
10 min, in a Retsch PM 100 bioMETA planetary
ball mill (500 rpm). Afterwards, the mixtures were
transferred into a crucible and calcined at 823 K
for 4 h (ramp rate, 2.3 K min~') under a nitrogen
flow (15 cm® min™"). The resulting products were
washed with hot water for 48 h to remove any excess
salts. Finally, the carbon nitride products were col-
lected by filtration, washed thoroughly with distilled
water and ethanol, and dried at 338 K overnight.

Metal introduction by
microwave-assisted deposition

Different carbon nitride hosts (0.5 g) was first dis-
persed in H,O (20 cm?®) under sonication for 1 h.
Then, an aqueous solution of Pd(NHj3)4(NO3),
containing S wt.% Pd (0.0S cm®, targeting 0.5 wt.%;
0.2 cm’, targeting 2 wt.%) was added and stirred
overnight for complete adsorption. The result-
ing solution was placed in a microwave reactor
(CEM Discover SP), applying a cyclic program (20
repetitions) of irradiation (15 s) and cooling (3 min)
using a power of 100 W. The resulting powder was
collected by filtration, washed with distilled water
and ethanol, and dried at 333 K overnight.

lon exchange

In a typical synthesis, PTI or PHI (0.7 g) was
dispersed in an aqueous solution of MgCl,-6H,0
(3.4 g 20 cm?) and then stirred at room temperature
for 24 h, after which the solids were collected by cen-
trifugation. These steps were repeated three times
and the products were thoroughly washed with wa-
ter and ethanol, and subsequently dried at 338 K
overnight. The samples are denoted as PTI-Mg and
PHI-Mg.

Characterization

XRD was performed in a PANalytical X'Pert PRO-
MPD diffractometer operated in Bragg-Brentano
geometry using Ni-filtered Cu Ko (A = 0.1541 nm)
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radiation. Data were recorded in the range of 5-60°
20 with an angular step size of 0.05° and a counting
time of 2 s per step. DRIFTS was performed using
a Bruker Optics Vertex 70 spectrometer equipped
with a high-temperature DRIFT cell (Harrick) and
an MCT detector. The samples were pretreated
at 423 K for 1 h under Ar before analysis. Spectra
were recorded in the range of 4000-400 cm '
under Ar flow (20 cm® min~!) and at room tem-
perature by co-addition of 64 scans with a nominal
resolution of 4 cm™'. The '*C solid-state cross-
polarization/magic angle spinning nuclear magnetic
resonance (CP/MAS NMR) spectra were recorded
on a Bruker AVANCE III HD NMR spectrometer
at a magnetic field of 16.4 T corresponding to a
'H Larmor frequency of 700.13 MHz. A 4-mm
double resonance probe head at a spinning speed
of 10 kHz was used for all experiments. The 3C
spectra were acquired using a cross-polarization
experiment with a contact time of 2 ms and a recycle
delay of 1 s. A total of 64 x 10° scans were added
for each sample. Between 39 x 10° and 96 x 10°
scans were acquired, depending on the sample. The
13C experiments used high-power 'H decoupling
during acquisition using a SPINAL-64 sequence.
X-ray photoelectron spectroscopy (XPS) was
performed in a Physical Electronics Instruments
Quantum 2000 spectrometer using monochromatic
Al Ko radiation generated from an electron beam
operated at 15 kV and 32.3 W. The spectra were
collected under ultra-high vacuum conditions
(residual pressure = S x 107% Pa) at a pass energy
of 46.95 eV. All spectra were referenced to the
C 1s peak of ternary carbon at 288.3 eV. Prior to
peak deconvolution, X-ray satellites and inelastic
background (Shirley type) were subtracted for all
the spectra. The Pd average oxidation state was
calculated based on the relative content determined
by the peak area of different palladium species from
Pd 3d core-level XPS spectra. Elemental analysis was
determined by infrared spectroscopy using a LECO
CHN-900 combustion furnace. Inductively coupled
plasma-optical emission spectrometry (ICP-OES)
was conducted using a Horiba Ultra 2 instrument
equipped with photomultiplier tube detection. The
samples were dissolved in a piranha solution and
left under sonication until the absence of visible
solids in the solution. SEM images were acquired
using a Zeiss ULTRA S5 operated at 5 kV. Argon
sorption was measured at 77 K in a Micrometrics
3Flex instrument, after evacuation of the samples
at 423 K for 10 h. The specific surface area was
determined via the Brunauer-Emmett-Teller (BET)
method. Samples for TEM studies were prepared
by dusting respective powders onto lacey-carbon-
coated copper or nickel grids. High-resolution

TEM, conventional STEM, and energy-dispersive
X-ray spectroscopy (EDX) measurements were
performed on a Talos F200X instrument operated at
200 kV and equipped with an FEI SuperX detector.
Thin cross-sections were prepared by embedding the
powder in a suitable resin (Polysciences Inc., Hard
Grade) followed by cutting the sections (100 nm)
with a diamond knife. The sections were mounted
on carbon-coated copper grids. AC-HAADF-
STEM was performed using an FEI Titan® 80-300
(Thermo Fisher Scientific) microscope equipped
with a high-brightness extreme field emission gun
and a CEOS (Corrected Electron Optical Systems
GmbH) aberration corrector for the probe-forming
lenses, operated at 300 kV. The AC-STEM images
were acquired with an illumination semi-angle of
18 mrad and a detector inner semi-angle greater
than 35 mrad, chosen to minimize any possible
Bragg diffraction contrast and maximize overall
image signal and especially atomic number (Z) con-
trast between Pd atoms/ clusters and the underlying
support. Images were obtained in suitably thin re-
gions of the specimen for minimal background from
the support and for reduced overlap of Pd atoms.
Per-pixel dwell times of 5-10 us and probe currents
of 40-60 pA were selected to achieve sufficient
signal-to-noise for single Pd atom visibility whilst
minimizing beam-induced changes, providing im-
ages representative of the Pd atom species and their
distribution on the LMO, GCN, PTI and PHI hosts.

Hydrogenation of 2-methyl-3-butyn-2-ol

The hydrogenation was carried out in a microwave
reactor (CEM Discover SP) with a pressure-
controlled vessel under continuous stirring. In a
typical reaction, the feed solution containing 0.4 M
substrate in toluene (1.5 cm®) was microwaved
in the presence of the catalyst (15 mg) for 1 h at
323 K. The initial hydrogen pressure was 3 bar in
all experiments. The resulting reaction mixture was
filtered (pore size, 0.45 yum) and the products were
collected. The continuous tests were carried out
in a flooded-bed micro-reactor (ThalesNano H-
Cube Pro™), in which the liquid-feed-containing
0.4-M substrate in toluene and gaseous hydrogen
(generated in situ by Millipore water electrolysis)
flowed concurrently upward through a cylindrical
cartridge (3.5-mm internal diameter) containing
a fixed bed of catalyst (0.1 g) and silicon carbide
(0.2 g) particles, both with a size of 0.2-0.4 mm.
The reactions were conducted at T = 323 K, P =
3 bar, liquid (1 cm® min™!) and H, (36 cm® min™!)
flow rates. The products were collected every 20 min
after reaching steady state. All collected samples
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were analyzed offline using a gas chromatograph
(HP-6890) equipped with a HP-S capillary column
and a flame ionization detector. The conversion
(X) of the substrate was determined as the amount
of reacted substrate divided by the amount of
substrate at the reactor inlet. The selectivity (S) to
each product was quantified as the amount of the
particular product divided by the amount of reacted
substrate. The reaction rate (r) was expressed as the
number of moles of product formed per mole of Pd
and unit of time.

DFT simulations

Slab models representing different carbon nitride
scaffolds have been described through the DFT as
implemented in the Vienna Ab initio Simulation
Package (VASP) code [45], using the Perdew-
Burke-Ernzerhof (PBE) functional together with
D3 dispersion terms [46,47]. Core electrons were
replaced by projector augmented wave (PAW)
method [48] and the valence electrons were ex-
panded in plane waves with a kinetic cut-off energy
of 450 eV. The bulk structures were derived from
our previous carbon nitride system by expanding the
building motifs. The k-point densities were S X 5 x 5
for GCN and PTI system and 3 x 3 x S for PHI.
Slab models were cut along the van der Waals planes;
the slabs contain four layers and are interleaved by
at least 12 A of vacuum. The optimized crystal lat-
tices are presented in the Supplementary Material.
The k-point sampling in these cases was 3 x 3 x 1
(GCN and PTI) and 1 x 1 x 1 (PHI). The PdCl,
precursor and Pd atoms were anchored at different
positions in the cavities and within the two upper-
most layers, which are preferential sites for the sim-
plest carbon nitrides as observed in first-principles
MD. The Heyd-Scuseria-Ernzerhof (HSE03) [49]
functional was used to generate the partial density
of states (PDOS) of the relaxed structures, includ-
ing 25% of exact Hartree-Fock exchange. Ab-initio
MD simulations were conducted on the Perdew-
Burke-Ernzerhof (PBE) level, and comprised heat-
ing/equilibration cycles in which the system was
heated to 500 K with a cycle step of 100 K for a to-
tal duration of 10 ps. The structures can be retrieved
from the ioChem-BD database [50] at the following
dataset: DOI:10.19061/iochem-bd-1-75.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.
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