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1. Introduction

Advances in the precision design of cata-
lysts rely on the refinement of structure-
function relations. In heterogeneous 
catalysis, the development of single-atom 
catalysts (SACs), in which a minority ele-
ment, commonly a transition metal, is 
stabilized as isolated atoms on a suitable 
host material and attracted significant 
interest for potentially reducing the diver-
sity of active sites.[1] Site uniformity is 
appealing for enabling specific reactivity 
and simplifying structure elucidation, thus 
allowing method benchmarking, which 
has prompted intense efforts toward the  
precise design of tailored structures.[2] 
Nonetheless, since most commonly 
applied host materials contain a variety of 
metal coordination sites, different single 
metal atoms anchored on the same support 
may have distinct geometric and electronic 
structures, resulting in distinct reactivity.[3] 
This nonuniformity of the active metal 
species poses an additional challenge for 
determining the atomic architecture based 
on established methods.[4]

The ability to tailor the properties of metal centers in single-atom hetero-

geneous catalysts depends on the availability of advanced approaches for 

characterization of their structure. Except for specific host materials with well-

defined metal adsorption sites, determining the local atomic environment 

remains a crucial challenge, often relying heavily on simulations. This article 

reports an advanced analysis of platinum atoms stabilized on poly(triazine 

imide), a nanocrystalline form of carbon nitride. The approach discriminates 

the distribution of surface coordination sites in the host, the evolution of 

metal coordination at different stages during the synthesis of the material, 

and the potential locations of metal atoms within the lattice. Consistent with 

density functional theory predictions, simultaneous high-resolution imaging 

in high-angle annular dark field and bright field modes experimentally 

confirms the preferred localization of platinum in-plane in the corners of the 

triangular cavities. X-ray absorption spectroscopy (XAS), X-ray photoelectron 

spectroscopy (XPS), and dynamic nuclear polarization enhanced 15N nuclear 

magnetic resonance (DNP-NMR) spectroscopies coupled with density 

functional theory (DFT) simulations reveal that the predominant metal spe-

cies comprise Pt(II) bound to three nitrogen atoms and one chlorine atom 

inside the coordination sites. The findings, which narrow the gap between 

experimental and theoretical elucidation, contribute to the improved struc-

tural understanding and provide a benchmark for exploring the speciation of 

single-atom catalysts based on carbon nitrides.
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The experimental characterization of SACs relies on multi-
technique approaches, typically involving the combination of 
imaging and spectroscopic tools.[5] Atomic-resolution imaging 
via aberration-corrected scanning transmission electron 
microscopy (AC-STEM) can confirm the presence of atomically-
dispersed metals, provided there is sufficient atomic-number 
dependent contrast from the host.[6] For systems with more 
ideal structures for imaging, such as single atoms on individual  
graphene layers,[7] precious metals in well-defined positions 
on crystalline metal oxides (e.g., Pt/TiO2 or Pt/CeO2),[8] or 
single-atom alloys (e.g., Pt/Cu),[9] metal coordination environ-
ments including the atomic structure of the carrier can also 
be directly visualized. Nonetheless, beam-induced structural 
damage to the hosts and mobility of metal atoms due to the 
interaction with high-energy electrons makes structure verifica-
tion through imaging very challenging for many hosts.[10] X-ray 
absorption spectroscopy (XAS) can contribute powerful comple-
mentary insights into the coordination sphere, but extracting 
the signatures of coexisting structural environments remains 
challenging.[11] Consequently, constructing structural models of 
SACs often relies on ab-initio simulations guided by the most 
likely scenarios determined from experimental data.[12]

A prominent class of SAC hosts for which most structural 
understanding derives from theoretical insights is carbon 
nitrides.[13,14] This (semi-)crystalline family of materials offers 
unique potential for stabilizing single atoms because their  
lattice structures contain highly coordinative nitrogen-containing  
macrocycles that potentially offer abundant, well-defined, and 
tailorable surface metal coordination sites.[15] The most widely 
applied form is understood to consist of graphitic heptazine-
based layers, often exfoliated to generate high-surface-area ana-
logs. Other common forms include partially-polymerized linear 
melem oligomers as well as more highly ordered poly(triazine 
imides) or poly(heptazine imides), which exhibit promising 
properties, especially in photocatalysis.[16] The ordered atomic 
arrangements simplify the modeling of SACs based on carbon 
nitrides, but questions remain about the accuracy and preva-
lence of predicted structures.[17] In particular, experimental  
verification of the predictions proves to be complex due to the 
high beam sensitivity of these materials, the possible coexist-
ence of structures between which XAS cannot distinguish, 
and the limited chemisorption of common probe molecules.  
Furthermore, the types and contributions of defects in nano-
crystalline high-surface forms and the presence of various 
dynamically-interconnected coordination sites within the lattice 
are often not addressed.[17]

Toward closing the gap between predicted and experi-
mentally-evidenced geometric and electronic structures of 
single-atom catalysts based on carbon nitrides, we focused 
on the fully condensed poly(triazine imide) form (ideal  
formula (C3N3)2(NHxLi1–x)3·LiCl, where x = 2/3). The improved 
uniformity of surface coordination sites in this host, as  
confirmed through surface-sensitive characterization, facilitates 
the determination of atomic environments of anchored metal 
species. Simultaneous AC-STEM imaging under optimized 
sample preparation and acquisition parameters in bright- (BF) 
and high-angle annular dark- (HAADF) field modes permits 
the localization of platinum atoms on the host lattice. As the 
coordination sphere of metal centers depends on the synthesis 

conditions and the associated removal of ligands and bonding 
to the host, we monitored the evolution of the geometric and 
electronic properties at different stages of the stabilization and 
activation of the metal precursor. Specifically, changes in the 
oxidation state and coordination sphere of metal centers and 
their interaction with the host are followed by X-ray photo-
electron (XPS), XAS, and dynamic nuclear polarization surface-
enhanced 15N NMR (DNP-SENS) spectroscopies, respectively. 
The experimentally determined structures agree well with those 
derived from density functional theory (DFT) simulations, 
showing that the predominant metal species comprise Pt(II) 
bound to three nitrogen atoms and one chlorine atom inside 
the coordination pockets of the poly(triazine imide) structure. 
Our results highlight the importance of considering distribu-
tions of active-site structures and demonstrate the power of 
integrated, multi-probe techniques to identify the metal-support 
interactions in carbon nitrides, necessary to develop improved 
design principles for single-atom catalysts.

2. Results and Discussion

2.1. Analysis of Carrier Properties

The synthesis of carbon nitrides occurs via the condensation 
of nitrogen-rich precursors (e.g., urea, dicyandiamide, or mela-
mine) into discrete oligomers, polymers, and more extended 
networks. However, incomplete polymerization often limits 
structural development. Ionothermal syntheses using eutectic 
mixtures of LiCl and KCl can overcome underlying kinetic 
limitations, resulting in highly crystalline structures. Here, we 
prepared two poly(triazine imide) hosts, a standard (PTI) form 
prepared via the polymerization of melamine in a LiCl–KCl salt 
melt and a high-crystallinity model analog (HC-PTI) prepared 
using only LiCl, which was primarily used for the imaging 
analysis.[18]

Characterization by multiple techniques provided insights 
into the types and uniformity of surface coordination sites in 
the resulting metal-free hosts (Figure  1; Figures  S1 and S2,  
Supporting Information). Analysis of the metal-free hosts by 
aberration-corrected scanning transmission electron micro-
scopy (AC-STEM) confirmed the expected atomic structure 
and generally high crystallinity of HC-PTI (Figure  1a,b). The 
hexagonal structural motifs viewed along the [001] direc-
tion (Figure  1a) arise from the alternate stacking of triangular 
cavities, with the central white spot corresponding to rows of 
chlorine ions, matching the intensity patterns observed in the 
simulated micrographs. Nonetheless, variation in the positions 
of the bright spots attributed to atomic columns of chlorine,  
which are not always perfectly centered, evidence some  
flexibility or disorder of the carrier structure, possibly relating 
to stacking defects (Figure  S3, Supporting Information). The 
planes viewed along the [100] direction display a lattice spacing 
of 0.73 nm, agreeing with reported values.[19]

The ideal structure of poly(triazine imide)  contains only 
one type of chemically equivalent carbon and two types of 
nitrogen nuclei, namely C-NH-C (Na) and pyridinic nitrogen 
(Nb) (shown schematically in Figure  1c inset). Consistently,  
fitting the N  1s XPS spectra identified two principal peaks  
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(Na at 398.4 ± 0.2 eV and Nb at 400.0 ± 0.2 eV) together with a 
small contribution of highly oxidized nitrogen defects appearing 
at high binding energies (Figure  1c). Similarly, analysis of the 
C 1s XPS spectra revealed a single prominent peak at 287.9 eV 
(Figure  1d, position fixed for reference purposes). Although 
consistent with previous reports (Table  S1, Supporting Infor-
mation),[14] comparison of the bulk composition to an idealized 
stoichiometry with one LiCl ion pair per coordination pocket 
shows that some of the templating salt was removed during the 
washing steps, resulting in reduced Li and Cl contents. DFT 
simulations show a thermodynamic preference for a distribu-
tion of Li+ ions throughout the structure over the accumulation 
of multiple ions in one cavity. This distribution leaves room for 
transition metals to coordinate in the same cavities (see below).

The uniformity of surface nitrogen sites was further probed 
by performing dynamic nuclear polarization (DNP)-enhanced 
1H-15N cross-polarization magic angle spinning (CP/MAS) 
NMR spectroscopy. The TEKPol radical, introduced in the 

sample as a 1,1,2,2-tetrachloroethane (TCE) solution, was used 
to drive polarization transfer through the protons of the solvent 
to surface 15N nuclei.[20] By enhancing signals from TCE and 
surface 15N nuclei 24-fold and 17-fold, respectively, the use of 
DNP-SENS (surface-enhanced NMR spectroscopy) overcomes 
known NMR sensitivity issues for 15N nuclei (low gamma, 
0.4% natural abundance),[21] reducing measurement times by 
300-fold, and thereby enabling the study of materials without 
isotopic enrichment. The spectra observed for PTI and HC-PTI 
materials further evidenced the predominance of two nitrogen 
species at ≈130 and 203  ppm (Figure  1e). Based on previous 
reports, these features relate to Na and Nb species, respec-
tively.[22] DFT simulations using cluster models cut from peri-
odic models (see Experimental Section for details) corroborate 
this assignment with calculated chemical shifts of 128  ppm 
(Na) and 201  ppm (Nb). Nitrogen species associated with  
surface defects at the cluster edges (Nc and Nd) are expected to 
appear at 187 and 67 ppm, respectively. The absence of the latter 

Small 2022, 2202080

Figure 1. a) Annular bright-field (top left) and b) annular dark-field (top right) STEM images (300 kV) along the [001] and [100] directions of the metal-
free HC-PTI carrier, respectively. Insets show the corresponding Fourier transforms and simulated images with schemes of the structure overlaid. 
c) N 1s, d) C 1s XPS, and e) DNP-enhanced 1H-15N CP/MAS NMR spectra of metal-free PTI and HC-PTI. The inset in c) shows a structural model of 
PTI indicating the unit cell and distinct nitrogen sites (Na–d). Stars in (e) denote spinning sidebands. Atom coloring: C, grey; H, white; and N, blue.
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signals in the spectra indicates that the concentration of defects 
is below detection limits, pointing to a high degree of order in 
both the PTI and HC-PTI materials, presenting a suitable basis 
for characterizing coordination environments of stabilized 
metal species.

2.2. Imaging Metal Atoms Anchored on HC-PTI

Aberration-corrected scanning transmission electron micro-
scopy (AC-STEM) in annular dark field mode is among the 
most widely used techniques to confirm the atomic disper-
sion of metals in single-atom catalysts. Although most transi-
tion metals are readily observable on light crystalline carriers 
such as carbon nitride, we are not aware of any studies that 
have localized the position of metal centers onto lattice posi-
tions (Figure  2a; Figure  S4 (Supporting Information) show 
typical images). The difficulty arises due to the high beam 

sensitivity of these materials, which rapidly results in metal 
atom displacements (i.e., knock-on damage) and complete 
loss of crystalline order due to ionization and bond-breaking  
(i.e., radiolysis) even under cryogenic conditions. Overcoming 
this challenge requires the development of approaches that suf-
ficiently minimize the electron beam damage to extract intrinsic 
structural information. Here, dispersion of the specimen on 
grids coated with graphene monolayers improved the stability 
during image acquisition. Supporting or sandwiching beam-
sensitive specimens in graphene has been previously shown 
to improve their stability of otherwise ionization-afflicted sys-
tems, which was proposed to originate from the availability 
of electrons in the support.[23] Selection of the electron beam 
current, exposure time, and pixel size focused on balancing 
sufficient signal-to-noise for single metal atom visibility while 
minimizing beam-induced changes. This balance incorpo-
rates both intrinsic factors, such as the rate of damage in the 
sample under electron beam exposure, and extrinsic factors, 

Small 2022, 2202080

Figure 2. a) HAADF- and BF- (Fourier transform inset) ASTEM images (60 kV) of a disordered or amorphous area of Pt/HC-PTI. b) Scheme and 
c) application of simultaneous HAADF-BF STEM imaging for mapping Pt atoms onto the lattice of poly(triazine imide) along the [001] and [100] direc-
tions. From left to right: HAADF-STEM, filtered HAADF-STEM (red circles indicate identified Pt atoms), and BF-STEM images with Fourier transform 
inset (blue hexagons mark the crystalline motif, red dots show the respective positions of Pt atoms) of Pt/HC-PTI in different locations. Atom identifica-
tion is not attempted in the thickest (brightest) regions in HAADF-STEM. Atom coloring: C, grey; H, white; N, blue; and Pt, purple.
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such as the signal-to-noise determined by the detector systems. 
Our approach was to first identify imaging conditions (expo-
sure time at each pixel for a given beam current) with an inad-
equate signal-to-noise ratio and then to increase the exposure 
to recover images with just a satisfactory signal-to-noise ratio in 
1–2 acquisitions. The simultaneous acquisition of HAADF- and 
BF-STEM images prioritizes the sensitivity to atomic number 
contrast at high scattering angles to reliably distinguish plat-
inum atoms anchored on HC-PTI with phase-contrast enabling 
their correlation to the carrier lattice (Figure 2b,c).

Due to the constraints on the number of frames acquired 
and variations in sample height, individual crystallites are gen-
erally not perfectly focused within the available dose budget 
prior to the loss of observable crystalline order. The BF-STEM  
signal enables imaging of the carrier lattice away from zero 
defocus, while the simultaneous HAADF-STEM signal records 
the relatively brighter intensity of the Pt atoms within a depth 
of field of a few nanometers (even when the lattice is not  
resolved in HAADF-STEM) enabling correlation with the carrier  
structure. Depending on specific imaging parameters,  
BF-STEM can suffer from contrast ambiguity, where bright 
or dark features may correspond to the atomic positions.  
Comparison with the simulated hexagonal motif (Figure  1a) 
and the detected HAADF-STEM intensity (with a bright signal 
at atom columns) at small defocus (Figure 2c; Figure  S5,  
Supporting Information) indicates that the atom columns in 
the poly(triazine imide) lattice corresponded to bright intensity 
in BF-STEM under the similar imaging and focusing condi-
tions used across the measurements. In some cases, Fourier 
filtering was applied to regions of BF-STEM images containing 
crystallographic information to improve the visualization of the 
lattice (Figure  S5, Supporting Information). Separate image 
processing was also applied to the HAADF-STEM micrographs 
to corroborate atom identification. In both cases, we consist-
ently show unfiltered data for comparison.

Analysis of many different regions of a platinum single-atom 
catalyst based on HC-PTI (Pt/HC-PTI, containing 0.5  wt.% 
Pt) provides insight into the uniformity of metal locations 
(Figure  2c, Figures  S5–S12, Supporting Information). The 
absence of larger clusters or nanoparticles in any of the regions 
studied agrees with the comparatively low metal content in 
the Pt/HC-PTI sample. Ensuring a representative assess-
ment is important as any individual example will exhibit some 
ambiguity in atom location due to both the variety of possible 
anchoring sites of single atoms on the 3D carrier particles and 
beam-induced changes in the sample beginning at the instant 
the electron beam interacts with the sample. Multiple instances 
of similar characteristic atom locations, however, depict a con-
sistent arrangement, which improves confidence in inferring 
the characteristic features of Pt binding from many candidate 
atom locations. Based on the preparative approach and the 
observations from the surface-sensitive spectroscopic analysis, 
we expect the majority of atoms to reside at the crystal surfaces 
rather than in the bulk of the carrier. The lack of visible atoms in 
the interlayer regions when viewed parallel to the layers of the 
poly(triazine imide) structure suggests that the metal strongly 
prefers in-plane positions. Although more difficult to precisely 
define, when observed perpendicular to the layer, metal atoms 
appear to sit preferentially at sites close to the corners of the 

hexagonal motifs. Metal atoms are also commonly observed in 
less-ordered regions between planes, highlighting the potential 
diversity of lattice sites and associated speciation of anchored 
metals. Obtaining insights about the local structures in these 
positions is not straightforward. Due to their coexistence with 
crystalline domains, the amorphous regions observed in the 
sample appear to reflect the structure of the fresh catalyst 
rather than resulting from beam-induced damage.

Despite their low atomic number, the high number of carbon 
or nitrogen atoms in atomic columns imaged in projection 
complicates the identification of metal atoms, which comprises 
a challenge in analyzing crystalline supports. Nonetheless, 
similar conclusions regarding the location of platinum centers 
could be drawn from a separate analysis of palladium atoms 
anchored on HC-PTI at 300 kV (Figure S13, Supporting Infor-
mation). However, it was not possible to locate palladium atoms 
in the images, even though they could be clearly identified  
following loss of the carrier structure and the presence of  
palladium was evidenced by energy-dispersive X-ray spectro-
scopy (Figure  S14, Supporting Information). Taken together, 
the STEM data confirm the representativeness of the structures 
simulated by DFT, supporting the preferential location of single 
metal atoms in plane very close to the edges of the triangular  
cavities. Correlation of the anchored metal species to the  
lattice of the carrier offers unprecedented insight into the  
uniformity of their distribution, which can be connected to the 
carrier properties and synthesis method. Further work to under-
stand and optimize these properties will require the adoption 
of automated approaches for imaging and image analysis[24] to 
extract statistically-relevant descriptors for designing improved 
catalysts.

2.3. Spectroscopic Insights into the Metal Coordination

The stabilization of platinum atoms on the poly(triazine imide) 
carriers followed a recently reported protocol involving intro-
ducing the metal precursor by wet deposition followed by a  
two-step thermal activation with intermediate washing.[25] 
During this procedure, a low-temperature thermal annealing 
step induces the partial decomposition of the hexachloroplatinic  
acid precursor and the initial bonding of the metal to the  
carrier. Subsequent washing removes residual loosely bound 
species, while a second high-temperature treatment in an inert 
atmosphere controls the removal of the remaining ligands 
(Figure  3a; Table  S2, Supporting Information describes the  
specific preparation conditions for all samples). Isolation of 
samples after each stage of the treatment permitted elucidation 
of the evolution in the coordinating environment during the 
metal introduction (Figure 3a), targeting a platinum content of 
5 wt.% to ensure a good signal for spectroscopic analyses.

Quantification of the bulk composition reveals a platinum 
content of 4 wt.% after the first activation (PtA1/PTI) that reduces 
to 2  wt.% in the resulting single-atom catalyst (Pt/PTI-773),  
revealing that a significant fraction of the metal remains 
loosely bound after the first annealing (Figure S15, Supporting  
Information). The amount of lithium template remains  
relatively constant (3.5 wt.%) throughout the process, while the  
potassium content decreases slightly after washing. Analysis 

Small 2022, 2202080
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of the surface chlorine content by XPS shows that this initially  
increases upon addition of the chlorinated metal species 
but returns to values similar to the metal-free catalyst after 
annealing at 773  K, indicating that this temperature is suf-
ficient to remove residual ligands from the metal center. The 
Pt 4f XPS spectra show that the majority of the metal precursor 
is reduced after impregnation (PtIMP/PTI), evidencing the  
primary contribution of Pt(II) species (72.4  ±  0.1  eV) with a 

minor component assigned to Pt(IV) (73.6 ±  0.1  eV) based on 
reference values (Figure 3b; Table S3, Supporting Information). 
A small contribution of the hexachloroplatinic acid precursor is 
observed at high binding energy (≈75.1  eV),[26] but disappears 
after the first annealing step. Pt(II) is the predominant species  
in all materials except Pt/PTI-773, which is more oxidized,  
suggesting an increased interaction of metal centers with the 
carrier after thermal activation at 773 K.

Small 2022, 2202080

Figure 3. a) Synthetic steps during the stabilization of platinum atoms on poly(triazine imide) indicating the conditions and sample nomenclature. 
b) Pt 4f XPS spectra, c) Pt 4f EXAFS spectra, and d) DNP-enhanced 1H-15N CP/NMR spectra following structural changes in the carrier and in the 
coordination and electronic state of platinum during the metal deposition procedure. Reference spectra for EXAFS are shown in Figure S16 (Supporting 
Information). Atom coloring: C, grey; H, white; N, blue; Cl, green; and Pt, purple.
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Analysis by XAS (Pt L3-edge) provides more insight into 
the coordination sphere and electronic properties of platinum  
species during the metal introduction (Figure 3c, fits reported in 
Table S4, Supporting Information, reference data in Figure S16, 
Supporting Information). The extended X-ray absorption fine 
structure (EXAFS) spectra reveal a dominant contribution,  
centered ≈1.9  Å in the Fourier transform, indicative of pre-
dominantly Pt-Cl coordination following wet deposition of the 
metal precursor and the first thermal activation (PtIMP/PTI and 
PtA1/PTI).

Consistently, the EXAFS fits evidence coordination numbers 
(CN) of 5.4(±0.4) and 4.4(±0.3), respectively, in the Pt-Cl shell. 
The fact that the controlled coordination of Pt to the scaffold, 
resulting in a Pt–N interaction, is not detected after the first 
annealing likely arises because of the presence of an excess of 
chlorinated Pt precursor, removed by the subsequent washing 
step. The significant reduction in the Pt–Cl peak and increased 
contribution of the Pt–N coordination shell at ≈1.6 Å observed 
in PtWASH/PTI support this hypothesis (CN  =  2.5  ±  0.4). The 
effect of the final annealing depends on the temperature. The 
sample annealed at 573 K (Pt/PTI-573) still contains both Pt–N 
and Pt-Cl coordination spheres. Comparatively, treatment of 
the washed sample at 773 K causes a further shortening of the 
dominant peak in the radial distribution function. The Pt–Cl 
contribution vanishes, and Pt–N becomes the main coordi-
nation shell of the metal, consistent with the coordination 
with the carrier (CN  =  3.5  ±  0.8). Although single atoms are 
the primary species in these samples, as confirmed in typical 
ADF-STEM images (Figure  S4, Supporting Information) the 
presence of some subnanometer platinum clusters cannot be 
excluded and a small Pt–Pt contribution (CN  =  3.7  ±  3.4) is  
evidenced by the EXAFS fits. However, the large error in the 
coordination number suggests that the fraction of clusters 
is neglible. Analysis of the Pt L3 X-ray absorption near edge 
structure spectra evidences structural differences between 
the samples at different stages of preparation (Figure  S17,  
Supporting Information). However, deconvoluting the effect 
of the oxidation state, nature of the ligand, and coordination 
number remains highly complex and cannot be addressed by a 
simple linear combination fitting.

Complementary to the study of the metal center, analysis 
of the coordinating species yields more information about 
the structure of the coordination site. For this purpose, DNP-
enhanced 15N NMR spectroscopy, which is much more sensi-
tive to the local surrounding of nuclei, has enabled observation  
of an additional broad signal centered at ≈115  ppm in the 
catalyst obtained by thermal activation at 773  K (Figure  3d,  
Pt/PTI-773). This feature, which was not present at earlier 
stages of the catalyst preparation, could relate to nitrogen sites 
in PTI coordinated with Pt. The absence of a similar peak in the 
spectra of the metal-free carrier subjected to equivalent treat-
ments, but without adding the metal precursor, supports this 
assignment (Figure S18, Supporting Information). DFT simula-
tions of the isotropic 15N chemical shifts using cluster models 
of poly(triazine imide) with Pt located within the coordination 
pockets indicate a change of 77 ppm due to the coordination of 
pyridinic nitrogen (203 ppm). Comparatively, chemical shifts of 
101 and 114 ppm for the ion-free PTI and 106 and 111 ppm for 
the Li2Cl2-containing carrier are obtained for Pt atoms bound 

to one Cl, two pyridinic nitrogens (Nb), and one deprotonated 
aminic nitrogen (Na). The latter values are slightly closer to the 
experimentally observed shifts. However, given the appreciable 
linewidth obtained, both models are in good agreement with 
the experimental data.

2.4. Simulations of Platinum on Poly(triazine imide)

Computational chemistry has become a powerful tool to inves-
tigate the nature of active sites in SACs, permitting the explo-
ration of a vast range of possible metal-support interactions 
even though they may be difficult to verify experimentally. 
Nonetheless, bringing the conclusions of experimental obser-
vations and simulations together is crucial to build confidence 
in the predicted results. In the current Pt/PTI systems, the 
presence of LiCl distributed over the layers of the scaffold and 
the ability of Pt to exhibit different coordination environments 
widens the scenario of structures that need to be studied, calling 
for models that reproduce experimental conditions. For this 
reason, we conducted DFT simulations of the evolution of the 
speciation of platinum upon stabilization on poly(triazine imide) 
to compare the results with the experimental observations and 
examine the robustness of the predicted structures. Starting 
from the scaffold, the solvated precursor (PtCl62−), Cl2, HCl, and 
LiCl, we determined binding Gibbs free energies of the different 
Pt-containing structures and their corresponding core-level 
shifts at 773 K (Figure 4; Table S5, Supporting Information).

To this end, a four-layer slab of poly(triazine imide) with 9N 
per cavity and an alternate stacking of the triangular cavities 
was used for the simulations, matching the hexagonal struc-
tural motifs identified by AC-STEM in projection. Consistent 
with the bulk chemical composition, the models considered a 
LiCl content of zero or one per cavity. The template ions are 
presumably distributed uniformly over the carrier since the 
aggregation of each pair of LiCl has a thermodynamic penalty 
of at least 0.2 eV (Table S6, Supporting Information), agreeing 
with the observation of regularly distributed atomic columns of 
Cl. Accordingly, we explored the adsorption of the Pt precursor  
when placed at the center of a salt-free poly(triazine imide) 
cavity or on an analog containing a single LiCl pair, with sub-
sequent removal of chlorine and hydrogen chloride to the 
gas-phase reservoir. The adsorption of PtCl62− over a cavity 
containing two LiCl pairs was also explored to examine the 
potential stabilizing effect of LiCl on the distinct Pt structures. 
The simulations show that Li+ ions preferentially reside at the 
corners of the triangular cavities in  the carrier, interacting 
with Cl ligands placed at the center (Figure  S19, Supporting 
Information).

The adsorption of PtCl62− over the salt-free poly(triazine 
imide) cavity leads to the formation of PtCl4* (−0.62  eV). The 
subsequent loss of chlorine ligands induces the formation of 
PtCl2* (−0.66  eV), coinciding with the immediate reduction 
of the precursor observed by XPS. Even mono-Cl and Cl-free 
species, namely PtCl*(-H, −0.15  eV) and Pt(s)*(-2H) (1.57  eV) 
can form by enforcing the release of chlorine upon annealing. 
Changes in the coordination environment of platinum atoms 
due to the loss of chlorine ligands strengthen their interaction 
with the scaffold, potentially leading to higher core-level shifts 
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(−1.73 eV for PtCl*(-H) and −2.19 eV for Pt(s)*(-2H)) compared  
to the physisorbed precursor (PtCl4*). This observation is 
consistent with the increasing Pt–N coordination observed 
by XAS. Simulation of the corresponding EXAFS spectra can  
further confirm the evolution of the chemical environment 
of Pt (Figure  S20, Supporting Information), where Pt–Cl  
patterns are lower for mono-Cl and Cl-free species, in line with 
the experimental characterization.

The adsorption profiles of PtCl62− over a cavity containing one 
or two pairs of LiCl have a similar shape to the analog over the 
template-free scaffold (Table  S5, Supporting Information), par-
ticularly for low-chlorinated species such as PtCl2* and PtCl*(-H).  
Nonetheless, the interaction of the templating salt with the 
bare Pt ensemble (Pt(s)*(-2H)) prominently stabilizes the single 
atom configuration by at least 1.2 eV. The presence of a second 
salt–ion pair further enhances the formation of Pt(s)*(-2H)  
by 0.4  eV, even surpassing the energetic cost for the interac-
tion of two LiCl molecules (0.2  eV). The favorable interaction 
of LiCl with Pt leads to higher core level shifts for the bare 
Pt ensemble (−1.80 or −2.08 eV in the presence of one or two 
LiCl pairs, respectively), indicating the stronger binding of the 
single metal atom to the scaffold.

Independent of the exact speciation of the adsorbed Pt species  
on poly(triazine imide), Pt univocally sits at the corners of 
the triangular cavities bound to two Nb nitrogens (schemes in 

Figure  4). The presence or absence of LiCl molecules in the 
cavity does not alter the preferred location of the platinum 
atoms (Figure  S21, Supporting Information), indicating that 
they are also unlikely to have a major effect on the AC-STEM 
observations. Chlorine ligands lie in the center of the cavities in 
the carrier, potentially interacting with Li and Pt, thus forming 
ion rows that match the intensity patterns observed in simu-
lated AC-STEM micrographs (Figure  1). Coordination sites of 
Pt in the interlayer region of PTI (Pt(i)*(-2H)) are thermody-
namically hindered by at least 0.5 eV.

2.5. Discussion

Through the advanced imaging and spectroscopy approaches 
applied in this work, we could experimentally elucidate the  
geometric and associated electronic structure of SACs based on 
carbon nitride with an unprecedented depth. Each technique 
provided complementary insights about distinct structural 
characteristics with different levels of granularity concerning 
the local environment (Figure  5). In particular, the simulta-
neous dose-limited BF-HAADF AC-STEM imaging enabled 
us to map the positions of platinum atoms onto the host  
lattice. Despite their prevalent use as hosts for single atoms, 
to the best of our knowledge, this is the first example where 
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Figure 4. Energetics of platinum stabilization in the cavity of poly(triazine imide) for distinct species with or without the presence of additional lithium 
and chlorine ions. The reference states are provided in Table S5 (Supporting Information). Schemes of adsorbed species on the pristine poly(triazine 
imide) are illustrated below in top- and side-view. Atom coloring: C, grey; H, white; N, blue; Cl, green; and Pt, purple.
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crystallographic information from carbon nitrides was pre-
served during imaging of single-atom catalysts. This imaging 
strategy is potentially applicable to SACs based on other beam-
sensitive and semicrystalline host materials (e.g., distinct 
forms of carbon nitride, crystalline organopolymers, and boron 
nitride). The main limitation is that although it is possible to 
confirm the approximate atom locations, it does not provide 
direct information about the bonding with the lattice.

XAS was the most powerful tool to study the local environ-
ment of metal centers. While this technique is also broadly 
applicable to SACs and can follow the removal of ligands from 
the metal precursor during the synthesis, evidencing coordi-
nation numbers in close agreement with the predicted trend, 
it is difficult to discriminate the specific interaction with the 
coordination sites. The impact of the geometric structure on 
the XANES spectra also complicates the interpretation of the 
electronic properties. In this regard, XPS gave the most direct 
information about the electronic structure of the metal species, 
and by following the changes at different stages of the synthesis  
we could correlate them with the oxidative and reductive  
processes occurring, but it is not straightforward to extract 
information about the local environment.

Comparatively, DNP-SENS of 15N nuclei, applied for the first 
time to study metal–host interactions in SACs, enabled the 

most precise understanding of the interaction of the metal with 
the host. It confirmed the increased bonding of Pt atoms to 
nitrogen coordination sites upon removal of the ligands of the 
precursor and, when coupled with DFT simulations to assign 
chemical shifts, could identify the most likely bonding con-
figuration of the metal centers. The applicability of DNP-SENS 
is limited by the sensitivity of individual nuclei as well as the  
conductivity of host materials. However, the demonstrated 
effectiveness of 15N analysis makes it broadly applicable to 
SACs based on carbon nitrides, and the study of other nuclei 
(e.g., 13C, 17O, and 31P) could give insights into metal coordina-
tion in other hosts.[20]

DFT enables the exploration of precisely defined structural 
models of virtually any SAC and has provided an advanced 
understanding of the properties of metal atoms stabilized on 
carbon nitrides in distinct catalytic applications.[17] A positive 
outcome of this study is the good agreement obtained between 
experimentally evidenced and DFT simulated structures,  
providing the most robust benchmark to date for the structural 
assumptions underlying the models. Even when considering 
ideal crystalline structures, the simulations reveal the potential 
coexistence of multiple structures that are not easy to discrimi-
nate experimentally. The possible nonuniformity of single-atom 
structures was also clearly revealed by the AC-STEM and XPS 
analysis, emphasizing the need to account for distributions of 
active site structures. Nonetheless, even within the disordered 
regions of the host, terminal nitrogen defect site (Nc and Nd, 
Figure 1c) was not detected by DNP-enhanced 1H-15N CP/MAS 
NMR spectroscopy analysis, suggesting a high degree of con-
densation of the triazine units. Our findings also highlight the 
strong dependence of the structure on the synthesis conditions, 
emphasizing the importance of monitoring changes in the local 
environment during catalyst preparation.

3. Conclusions

In summary, we elucidated the local atomic environment of 
platinum atoms stabilized on a form of carbon nitride with 
extended crystalline domains. Detailed analysis by AC-STEM, 
XPS, and DNP-enhanced 15N NMR spectroscopy confirmed the 
uniformity of coordination sites, comprising mainly C-NH-C 
and pyridinic N sites, in this host material. Simultaneous dose-
limited BF-HAADF imaging by AC-STEM revealed that fully 
stabilized Pt species prefer to locate in-plane within the triazine 
layers at the corners of the triangular motifs in the poly(triazine 
imide) lattice. Analysis of the coordination environment after 
different steps in the synthesis highlighted the dependence on 
the conditions applied. Complementing the insights gained into 
the removal of chlorine ligands and coordination to nitrogen 
by EXAFS, DNP-SENS showed that platinum atoms primarily 
bond to pyridinic N species, and the interaction is strongest 
after high-temperature activation to remove all ligands from the 
precursor. The imaging also highlighted metal coordinated to 
amorphous regions of the sample, emphasizing the potential 
diversity of local atomic environments present in SACs. The 
experimental results generally agreed well with computational 
data, which also identified a thermodynamic preference for 
the metal to coordinate in the corner of the cavities within the 
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Figure 5. Summary of the characterization approach applied to elucidate 
the geometric and electronic structure of SACs based on carbon nitride 
indicating the structural information derived, general applicability, and 
limitations of each technique.
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triazine layers. DFT simulations also predicted the potential 
coexistence of multiple structures with different intercalated 
ions or degrees of chlorination. The multi-technique approach 
reported provides an advanced platform for analyzing metal 
coordination spheres in carbon nitrides, necessary to develop 
improved design principles for single-atom catalysts.

4. Experimental Section

Material Synthesis: All chemicals were obtained from Sigma–Aldrich  
unless otherwise specified. Poly(triazine imide) carriers were synthesized 
by adapting a previously reported procedure.[14] Standard (PTI) and 
highly crystalline (HC-PTI) forms were prepared by ball milling eutectic 
salt mixtures containing LiCl (4.52 g) and KCl (5.48 g) for PTI and LiCl 
(10  g) for HC-PTI together with melamine (1  g) for 10  min (Retsch 
Mixer Mill MM 500, 20  Hz). Afterward, the mixtures were transferred 
into a crucible and polymerization was started by heating at 823  K 
for 4  h (2.3  K  min−1  ramp) under a nitrogen flow (20  cm3  min−1). The 
resulting materials were washed in hot water (353  K, 500  cm3) for 
48 h to remove any excess salts. Finally, the poly(triazine imides) were 
collected by filtration, washed with distilled water (250 cm3) and ethanol 
(125  cm3), and dried in air at 338  K overnight. Platinum single atoms 
were introduced following a versatile two-step procedure developed to 
enable the controlled coordination of metal precursors to supports.[25] 
In a typical synthesis, the carrier material (PTI or HC-PTI, 0.5  g) was 
mixed with hexachloroplatinic acid (H2PtCl6, targeted Pt contents of 
0.5 or 5 wt.%), dissolved in water (25 cm3). After sonication for 1 h, the 
solvent was evaporated by rotary evaporation and the resulting powder 
was subjected to a first thermal activation step (TA1  =  473–573  K, 5  h, 
5  K  min−1  ramp) in flowing nitrogen (20  cm3  min−1). The samples 
were subsequently washed in hot dimethyl sulfoxide (375  cm3, 353  K) 
to remove loosely bound metal species, then filtered and washed with 
water (623  cm3). The resulting powder was dried and subjected to a 
second thermal activation step (TA2 = 573–773 K, 5 h, 2 K min−1 ramp) 
in flowing nitrogen (20  cm3  min−1). For comparison, intermediate 
samples were also isolated after the metal impregnation (PtIMP/PTI), 
the first thermal activation (PtA1/PTI), and the washing steps (PTWASH/
PTI). Specific synthesis parameters and sample codes for all presented 
materials are summarized in Table S2 (Supporting Information).

Basic Characterization: Powder X-ray diffraction (XRD) was performed 
in a PANalytical X’Pert PRO-MPD diffractometer in Bragg–Brentano 
geometry using Ni-filtered Cu  Kα radiation (λ  =  0.1541  nm, data 
range = 5-40° 2θ, step size = 0.05°, counting time = 2 s step−1). Argon 
sorption at 77 K was measured using a Micrometrics 3Flex instrument 
after evacuating the samples at 423  K for 7  h. The surface area was 
estimated using the Brunauer–Emmett–Teller (BET) method. Elemental 
analysis was undertaken using LECO TruSpec Micro (C, H, and N) and 
LECO 628 O Micro (O) instruments. Inductively coupled plasma-optical 
emission spectrometry (ICP-OES) was conducted using a Horiba Ultra 
2 instrument equipped with photomultiplier tube detection. Catalyst 
powders were dissolved by heating the sample (≈10  mg) in 3  cm3 of 
acid solution to 533  K for 50  min in an MLS turboWave microwave 
(maximum power  =  1200  W, loading pressure  =  70  bar). The acid 
solution consisted of volumetric ratios 3:1 nitric acid (65  wt.%) and 
hydrogen peroxide (35  wt.%) for metal-free materials and 3:1:2 nitric 
acid, hydrogen peroxide, and hydrochloric acid (37 wt.%) in the case of 
platinum-containing samples. The obtained clear solutions were diluted 
to 25 cm3 and filtered (pore size, 0.45 µm) prior to analysis.

Advanced Imaging: Aberration-corrected scanning transmission 
electron microscopy (AC-STEM) imaging was performed using a Nion 
UltraSTEM100 equipped with a cold field emission gun (CFEG) and a 
Nion aberration corrector in the probe-forming lenses, operated at 60 kV 
with an incident convergence semi-angle of 32 mrad. AC-STEM images 
were recorded with a high-angle annular dark-field detector (HAADF, 
90–185 mrad collection semi-angle) as well as with a bright-field detector 
(BF, <5  mrad collection semi-angle). The operation at 60  kV reduced 

the energy transfer to displace atoms in the sample (reduced knock-on 
damage). In selecting STEM electron beam energies (operating voltage), 
there was generally a trade-off between reduced knock-on damage 
at lower accelerating voltages and increased radiolysis (ionization 
induced bond breaking) due to higher ionization cross-sections at lower 
accelerating voltages. Both of these damage mechanisms presented 
challenges for SAC imaging, as displacement of transition metal species 
would introduce ambiguity in catalytic sites and loss of structural order 
in the support precludes correlation between metal species and the host 
lattice. The beam current was estimated at 40 pA and a per-pixel dwell 
time of 38.7  µs. To maintain comparable beam currents, the CFEG tip 
was flashed every 2 h. Images were acquired at 1024 × 1024 pixels, with 
a pixel size of either 0.08 or 0.1  nm. Electron beam current, exposure 
time, and pixel size were selected to balance sufficient signal-to-noise 
for single metal atom visibility while minimizing beam-induced changes. 
The resolution was monitored regularly throughout the experiment on 
the graphene support film and aberration corrector parameters were 
adjusted to maintain a consistent probe size at the sample.

BF-STEM image filtering was carried out in Gatan Microscopy Suite 
software, using circular array masks on the Fourier transform. The 
masked Fourier transform was then inverted to produce a filtered image. 
HAADF-STEM image filtering was carried out in ImageJ software by first 
applying a median filter (15-pixel kernel) to produce an image without 
fine-scale intensity variations. This smoothed image was subtracted 
from the originally acquired image to produce an image highlighting 
the fine-scale variations only. A Gaussian blur (0.9 pixels) was applied to 
reduce high-frequency noise.

AC-STEM imaging at 300 kV was performed at a double Cs corrected 
microscope JEM-ARM300F (GrandARM, JEOL, electron gun: cold-
field emitter; ∆E  =  0.35  eV, equipped with an energy-dispersive X-ray 
spectroscopy detector) with a probe convergence semi-angle of 18 mrad. 
Annular dark-field STEM images were recorded with 33–106  mrad 
collection semi-angles. Annular bright-field STEM images were recorded 
with 12–24  mrad collection semi-angle. All TEM micrographs were 
measured at low-dose illumination conditions with current densities 
of ≈0.3  pA  cm−3 measured on the small viewing screen. For this TEM 
study, the specimens were prepared by drop deposition of nanoparticles 
dispersed in isopropanol onto a copper grid with a lacey carbon support 
film. Image simulation was performed using JEMS software.

Spectroscopic Approaches: X-ray photoelectron spectroscopy (XPS) was 
measured using a Physical Electronics Quatera SXM spectrometer using 
monochromatic Al Kα radiation (1486.6  eV, electron beam operated 
at 15 kV and 49.3 W, spot size =  200 µm, electron, and ion neutralizer 
operated simultaneously). Samples were mounted by pressing finely 
ground powders onto indium foil (Alfa Aesar, 99.99  %). The peak of 
adventitious carbon in PTI was referenced to 284.8  eV, yielding a peak 
position for CN3 of 287.9  eV. This value was applied for the energy 
correction of all other samples. A constant pass energy of 55.0 eV was 
applied to yield a full width at half maximum of below 1 eV for Au 4f7/2. 
The elemental concentrations were quantified based on the measured 
photoelectron peak areas (C 1s, N 1s, O 1s, Li 1s, Cl 2p, and Pt 4f) using 
the theoretical photoionization cross-sections as the relative sensitivity 
factors.[27]

The 15N dynamic nuclear polarization surface-enhanced nuclear 
magnetic resonance spectroscopy (DNP-SENS) experiments were 
performed on a Bruker 600 MHz (14.1 T) spectrometer by using a 3.2 mm 
HXY DNP probe in a double-mode (1H/15N) configuration. A gyrotron 
generated microwaves with a power of ≈6  W at 395  GHz to drive the 
DNP cross effect. All samples were prepared by wetness impregnation 
with 16  × 10−6  m TEKPol solution in TCE (1,1,2,2-tetrachloroethane). 
Typically, for 15 mg of the sample 0.03–0.05 cm3 of radical solution was 
required to fully impregnate the sample; the mixture was directly packed 
into a 3.2 mm sapphire rotor with zirconia cap. The sapphire rotors were 
used for optimal microwave penetration. Rotors were inserted in the 
cryogenic probe within a short period of time (≈5  min) and cooled to 
100 K by a cryogenic heat exchanger system. In all the measurements, 
the magic-angle spinning (MAS) rate was set to 8 kHz. The spectra were 
recorded using 1H-15N CP/MAS pulse sequence with the contact time of 
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2 ms. The DNP enhancement of solvent (TCE) obtained was found to 
be 24, which allowed for the successful characterization of the samples 
with the natural abundance of 15N. Chemical shifts obtained in the 15N 
NMR spectra were indirectly referenced by adjusting the 1H NMR signal 
of TCE to 6.9 ppm. Bruker Topspin 3.2 software package was used for 
data acquisition and processing.

X-ray absorption fine structure (XAFS) measurements at the Pt  
L3-edge were carried out at the SuperXAS beamline at the Swiss Light 
Source (Villigen, Switzerland). The incident photon beam provided 
by a 2.9  T superbend magnet was selected by a Si(111) channel-cut 
Quick-EXAFS monochromator. The rejection of higher harmonics and 
focusing were achieved with rhodium-coated collimating and toroidal 
mirrors, respectively, at 2.9 and 2.5 mrad. The beamline was calibrated 
using Pt foil. The area of sample illuminated by the X-ray beam was 
1.0  mm  ×  0.3  mm. Optimal amounts of samples were finely ground 
and filled inside a 0.5 cm wide cylindrical tube closed on the two sides 
with Kapton windows and measured in transmission geometry along 
the tube length at room temperature. The XAFS spectra across the Pt 
L3-edge were acquired with a 1 Hz frequency (0.5 s per spectrum) and 
then averaged over 5  min. The energy was calibrated by measuring Pt 
foil simultaneously with each sample. The XAFS spectra were calibrated 
and averaged using ProQEXAFS software and analyzed using the 
Demeter software package. The background signal before the Pt L3-
edge was subtracted using a linear function (fitting range between  
−150 and −30 eV). The post-edge signal was normalized to the step of 
one after fitting it in the region between 150 and 1300 eV after the edge. 
The k3 weighted Fourier transformed signal was fitted and an amplitude 
reduction factor (S0

2) of 0.85 from EXAFS fit of the Pt metal foil was 
determined. All EXAFS spectra were fitted for the first coordination shell 
in the k-range of 3–12 Å−1 and R-range of 1–3 Å. Pt, PtCl2, and PtO2 were 
used as references for fitting.

Computational Details: DFT on models of the platinum-doped 
poly(triazine imide) structures was employed as implemented in the 
Vienna ab initio Simulation Package (VASP 5.4.4).[28] The generalized 
gradient approximation of the Perdew-Burke-Ernzerhof functional 
(GGA-PBE)[29] was used to obtain the exchange-correlation energies 
with dispersion contributions introduced via Grimme’s DFT-D3 
approach.[30] Projector augmented wave (PAW)[31] and plane waves 
with a cut-off energy of 450  eV, with spin polarization allowed when 
needed, were chosen to represent the inner electrons and the valence 
monoelectronic states, respectively. For simulation of the support, a 
four-layer slab of poly(triazine imide) with 9N per cavity separated by 
1 Å of vacuum was used and sampled through a gamma-centered grid 
of 3 ×  3 ×  1  k-points. Different initial contents of LiCl in PTI were also 
considered. Pt-doped poly(triazine imide) structures were modelled 
by placing PtClx (x  =  0–6) units in the center of the cavity. The three 
top layers and the adsorbates were allowed to relax while the bottom 
one was fixed to the bulk lattice. The arising dipole was corrected in 
all slab models.[32] Gas-phase molecules were optimized in a box of 
14.0 × 14.5 × 15.0 Å3. For all investigated systems, structures were relaxed 
using convergence criteria of 10-4 and 10-5 eV for the ionic and electronic 
steps, respectively. To assess the stability of Pt structures in the PTI, 
Gibbs free formation energies were estimated using the water-solvated 
metal precursor (PtCl62−), H2, HCl, LiCl, and the support as reference 
states. The solvation energy for the metal precursor was calculated using 
the SMD model[33] as implemented in Gaussian09,[34] with a resultant 
value coinciding with previous reports.[35] The 6-31  g basis set[36] was 
used for all atoms and a General Gradient Approximation (GGA) based 
density functional (PBE) was included in both calculations (gas-phase, 
water-solvent).

Entropic contributions from molecules were considered. Only 
one possible structure for each system was considered. The energy 
differences when removing ligands were large enough to ensure that the 
considered resting states were representative. Furthermore, the scaffold 
limited the fluxionality of the structures. All the structures presented in 
this work had been uploaded to the ioChem-BD database.[37]

DFT Calculation of NMR Parameters: The clusters were cut from 
the periodic structure using Material Studio 8.0 software package. In 

the top layer of the PTI or Pt-PTI surface, one triangular window was 
cut as shown in Figure  1c and Figure  S17 (Supporting Information). 
Consequently, H-atoms in the cluster edges were allowed to fully relax, 
while N, C, Pt, Li, Cl, and H inside the triangular pockets were fixed. 
For the output structures, DFT simulations of NMR spectroscopic 
parameters were conducted. All geometry optimizations of clusters 
were performed with the Gaussian09[38] package with the PBE0[39] 
hybrid functional. H, C, and N atoms were represented by a triple-ζ 
pcseg-2 basis set.[40] NMR simulations were performed within the GIAO 
framework using ADF 2016[41] with the PBE0 functional and Slater-type 
basis sets of triple-ζ quality (TZ2P). Pyridine, calculated at the same 
level of theory and referenced to 317 ppm,[42] was used as the reference 
for chemical shifts, was calculated at the same level of theory.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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