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We introduce a new concept of a "bottom-to-top” design of intercalate carbon nitride compounds based
on the effects of self-assembly of colloidal single-layer carbon nitride (SLCN) sheets stabilized by tetra-
ethylammonium hydroxide NEt;OH upon ambient drying of the water solvent. These effects include (i)
formation of stage-1 intercalates of NEt,OH during the ambient drying of SLCN colloids on glass sub-
strates and (ii) the spontaneous formation of layered hexagonally-shaped networks of SLCN sheets on
freshly-cleaved mica surfaces. The dynamics of the intercalate formation was followed by in situ X-ray
diffraction allowing different stages to be identified, including the deposition of a primary “wet” intercalate
of hydrated NEt;OH and the gradual elimination of excessive water during its ambient drying. The interca-
lated NEt4* cations show a specific “flattened” conformation allowing the dynamics of formation and
structure of the intercalate to be probed by vibrational spectroscopies. The two-dimensional self-assem-
bly on mica is assumed to be driven both by the internal hexagonal symmetry of heptazine units and by a
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Introduction

Intercalation chemistry of graphite is a well-established and
blossoming area yielding a variety of materials with unique
adsorption, catalytic, and electrochemical characteristics.'™
The recent research boom aiming at graphene®” provided an
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templating effect of the mica surface.

additional impetus for the chemistry of graphite intercalates
as intermediates for the graphite exfoliation and production of
graphene suspensions.>>® The graphene-stimulated renais-
sance of interest in graphite has also inspired studies of its
analogs, in particular, graphitic carbon nitride (GCN).>™" Due
to a combination of high photochemical activity, stability, and
sensitivity to visible light GCN is considered as one of the
most promising and “green” semiconductor materials for arti-
ficial photosynthesis and environmental photocatalysis.”*>™
Introduction of ionic and molecular species between the
carbon nitride sheets due to intercalation is expected to
strongly affect the interaction of GCN with light, the dynamics
of the photogenerated charge carriers, the adsorption of reac-
tants, etc. and, therefore, progress in the intercalation chem-
istry of GCN can boost its applications in photocatalysis and
photoelectrochemistry.

In the case of GCN the intercalation compounds are typi-
cally produced spontaneously during the polycondensation or
prepared after the synthesis as a intermediate step for the exfo-
liation of GCN into single and a-few-layer species. The first
approach is exemplified by intercalation of GCN compounds
with alkali metals formed spontaneously when GCN is pro-
duced via the polycondensation in molten eutectic mixtures of
alkali halides."” ™" GCN/alkali metal intercalates showed
superior photocatalytic properties in water splitting due to the
involvement of the intercalated species in the separation of
photogenerated charge carriers."”” Li-intercalated GCN was
found to be active as an electrochemical humidity sensor."®
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The GCN intercalation as a preparatory step for exfoliation
was reported for several intercalating species, including
H,S0,,”° ethylenediamine,>* HCI,?* NH,Cl,** and water.>* The
exfoliation of intercalates is facilitated due to a large increase
of the interlayer distance (H,SO,, ethylenediamine),>>*!
decomposition of the intercalated compound to gaseous pro-
ducts (NH4CI1),*® or a reaction with the GCN sheets releasing
large volumes of gases (H,0).**

All these examples refer to a “classic” “top-to-bottom” route
to the intercalate compounds produced by forcing intercalat-
ing species into the interlayer galleries by the synthesis con-
ditions or external stimuli. At the same time, no reports on an
alternative “bottom-to-top” strategy for the design of GCN
intercalates starting from single-layer or a-few-layer polyhepta-
zine or polytriazine imide sheets can be found, despite the
current progress in the exfoliation of GCN and the synthesis of
such two-dimensional (2D) species.?* >’

In the present work we introduce a new concept of a
“bottom-to-top” design of intercalate carbon nitride com-
pounds using self-assembly effects shown by colloidal single-
layer polyheptazine sheets upon ambient drying of the water
solvent. The proposed methodology potentially allows the mor-
phology and chemistry of the polyheptazine sheets to be tuned
and the nature of intercalated species to be varied indepen-
dently opening routes to a broad variety of new spatially
ordered supramolecular functional assemblies.

Results and discussion

Earlier we reported®””*® a new approach to the exfoliation of
bulk GCN to single-layer sheets in boiling aqueous solutions
of several tetraalkylammonium hydroxides, from which tetra-
ethylammonium hydroxide NEt,OH was selected for detailed
investigations. We found that the exfoliation results in the for-
mation of stable aqueous colloidal solutions containing
single-layer polyheptazine species with a thickness of 3.5-4.0 A
and lateral size depending on the concentration and decreas-
ing down to 40-50 nm for the most diluted colloids.””*® We
also showed the applicability of this exfoliation technique for
different GCN samples produced at different temperature/dur-
ation of the melamine polycondensation and found clear
effect of the history of the preparation of GCN precursor on
the optical properties of the final SLCN colloids.>”*° In the
latter work, however, we did not explore the details of compo-
sition and structure of colloidal SLCN produced from different
GCN precursors.

Here, we report for the first time two phenomena of self-
assembly of SLCN sheets observed at solvent evaporation
from SLCN colloids. The first self-assembly phenomenon
observed mainly by X-ray diffraction (XRD) is the formation
of a layered material composed of SLCN sheets with NEt,OH
intercalated in the interlayer galleries. The second self-assem-
bly effect observed by atomic force microscopy (AFM) results
in the formation of regular hexagonal patterns on the surface
of mica.
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Both self-assembly effects were tracked for a series of col-
loidal SLCN samples produced by the exfoliation of bulk GCN
powders synthesized at different temperatures of melamine
polycondensation (Tp.). We found that the self-assembly
results in very similar products for all studied SLCN samples
indicating the feasibility of a broad tailoring of the properties
of self-assemblies by tuning the properties of the original
“building blocks” - the SLCN sheets. Due to this limited effect
of the “history” of the GCN and SLCN precursors on the geo-
metry of the self-assembled products we provide here only a
concise report on the characteristics of both the bulk GCN pre-
cursors and exfoliated SLCN colloids with most of the data
supplied in the ESL{

Characterization of bulk GCN samples

The variation of Tp,. as well as of the polycondensation dur-
ation f,. at a constant T,. are the two most efficient and
simple methods of tailoring the structure and optical pro-
perties of bulk GCN, which can be expected to be later trans-
lated to the single-layer exfoliation products. The polyconden-
sation of melamine was performed in air at 400-700 °C with
1 h duration and at 700 °C for various periods of time
(0.5-2 h). In the further discussion the samples of bulk GCN
will be referred to as “GCN-T},.” according to the polyconden-
sation temperature used in the synthesis and implying ¢,. =
1 h. More details on the synthesis and exfoliation of bulk GCN
are provided in ESL.{

The XRD inspection of the polycondensation products
showed that the melamine conversion at 400 °C does not
yield GCN but results in an intermediate under-condensed
heptazine species (ESI, Fig. S1a, curve 2). By increasing T,
to 500 °C a mixture of GCN with under-condensed products
is produced (Fig. Sla,t curve 3), while at higher T,. GCN
appears to be sole product (Fig. Sia,f curves 4-6). At these
higher T,. a characteristic (002) peak at 27-28° as well as a
low-intensity feature at ca. 13° corresponding to the intra-
layer periodicity are observed.'****° The increase of Ty, from
500 to 700 °C results in a gradual shift of the (002) peak to
higher angles (lower interplanar distances) indicating an
increased ordering and packing of the polyheptazine sheets.
A similar, but smaller shift is also observed for an increase
of the polycondensation duration (t,.) at a constant Ty (ESI,
Fig. S1bt).

A Fourier-transform infrared (FTIR) spectroscopy inspection
of the polycondensation products shows a characteristic tri-
azine/heptazine “fingerprint” vibration at 800-810 cm™' as
well as a set of skeletal vibration bands of polyheptazine
species at 1200-1700 cm ™" (ESI, Fig. S2at). As Tj, is increased
from 400 to 500 °C an additional peak appears at 890 cm™*
assigned to hydroperoxide species.*! The intensity of this peak
increases almost linearly with an increase in T,. (ESI,
Fig. S2bt). The peroxidation of bulk GCNs is expected to
provide exfoliated SLCN species with oxygen-containing func-
tionalities, their density easily controlled by varying Tp.. No
distinct differences were found in the FTIR spectra of GCNs
produced at 700 °C for different ¢, (ESI, Fig. S2cft).

This journal is © The Royal Society of Chemistry 2022
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The bulk GCN products exhibited relatively bright photo-
luminescence (PL) emitted in a broad band centered at ca.
2.3-2.5 eV (500-550 nm) depending on the polycondensation
conditions (ESI, Fig. S3a and ct). The PL maximum energy was
found to shift from 2.53 eV (490 nm) to 2.31 eV (540 nm) as
Tpe was increased from 400 to 700 °C (ESI, Fig. S3bt). This
shift originates from both a denser structure of the GCNs pro-
duced at higher T,. and from a higher density of oxygen
functionalities."*>>*°

An X-ray photoemission spectroscopy (XPS) study of bulk
GCNs revealed a distinct dependence of their structure on the
polycondensation conditions. The high-resolution XP spectra
in the ranges of C 1s and N 1s electron binding energies show
the presence of aliphatic sp®-hybridized and aromatic sp>-
hybridized carbon and nitrogen,'**>*° with their ratios
depending on Ty (ESI, Fig. S4at). In particular, the GCN-650
sample shows a much higher relative population of aromatic C
(ca. 287.6-288.0 eV) and N (397.8-398.2 eV) as compared to
GCN-400. The fractions of sp>C and sp>N were found to
increase proportionally to T,. (ESI, Fig. S4b and cft), but
decrease for longer t,, indicating a partial thermal destruction
of the samples.

Characterization of exfoliated SLCN samples

The set of bulk GCN samples produced at varied Tj,c/tp. Was
subjected to exfoliation in boiling aqueous 1.36 M (20 wt%)
solution of NEt,OH yielding quantitatively in each case stable
and transparent colloidal solutions with a nominal C;N, con-
centration of 0.54 M (50 g L™"). In the further discussion we
will refer to the samples of colloidal SLCNs as “SLCN-Tp”
according to the polycondensation temperature used in the
synthesis of the corresponding bulk GCN precursor and imply-
ing tpc =1 h.

Inspection of the solutions by dynamic light scattering
showed that the average hydrodynamic size of SLCN sheets
decreases from 80-90 nm for Tp,. = 400 °C to ca. 35 nm for T,
=700 °C with a simultaneous strong narrowing of the size dis-
tribution (ESI, Fig. S5f). The decrease of the lateral size of
SLCN sheets originates, most probably, from intra-sheet
defects and oxygen functionalities introduced at higher Ty,
which can be attacked during exfoliation resulting in the disin-
tegration of polyheptazine sheets to smaller species. The pres-
ence of oxygen functionalities can be readily observed for
SLCN colloids produced from bulk GCN-650 and GCN-700
samples by complex absorption bands at 1 > 400 nm, which
overlap with the fundamental absorption band of polyhepta-
zine and originate from nz* transitions in the oxygen function-
alities (ESI, Fig. S6a and bt). However, despite the edge defects
and oxygen functionalities, the SLCN sheets preserve a high
aromaticity, ca. 90% of nitrogen atoms present in the sp*
hybridized form for T,. > 500 °C as shown by XPS (ESI,
Fig. S71). We note that colloidal SLCN, both before and after
purification, retains the high PL efficiency of the original GCN
samples with a broadband “blue” emission and spectral para-
meters close to those of the corresponding bulk precursors
(ESI, Fig. S6c and dt).

This journal is © The Royal Society of Chemistry 2022
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The thickness of SLCN particles was probed by AFM on
freshly-cleaved atomically-smooth mica substrates. The rough-
ness of the mica substrates was below 1 A (ESI, Fig. S81), while
a layer of pure NEt,OH after drying was found to be 2-3 A
thick (ESI, Fig. S91 and Fig. 1c, bars 1), thus not interfering
with the AFM characterization of SLCN sheets.

Exemplary AFM images of SLCN-700 particles on mica
(Fig. 1a and b) show multiple discrete species of different
thickness allowing a reliable statistical analysis to be per-
formed for many hundreds of particles using a recently
reported approach.®” The analysis reveals a multimodal distri-
bution of SLCN-700 sheet heights with distinct maxima at
4.5-5.0 A, 8.5-9.0 A, and 13.0-13.5 A (Fig. 1c, bars 2), which we
assign to single-, double-, and triple-layer sheets, respectively.

Similar multimodal distributions were also plotted (ESI,
Fig. S10t) for the SLCN samples produced from GCN-400,
GCN-600, and GCN-700 (z,. = 2 h). In all cases, the height dis-
tributions peak at around 4.5 A, 9.0 A, and 13-13.5 A indicat-
ing the presence of SLCN as well as double- and triple-layer
sheets with a height increment of ca. 4.5 A per layer. This
value is larger than expected for single-layer polyheptazine,
3.5-4 A" most probably because of the adsorption of the
NEt,OH stabilizer on the sheet surface and its presence
between the single layers. This assumption is supported later
by the XRD data.

Generally, the height distribution of SLCN on mica was
found to shift to larger values for higher concentrations of the
colloidal solutions used to prepare the samples (ESI, Fig. S117)
indicating the tendency of SLCN sheets for lateral stacking.
These observations illustrate an inherent capability of SLCN
sheets to stacking self-assembly, which will be addressed in
detail in the next sections. At the same time, no clear evidence
for the self-assembly could be gathered by AFM, XRD, and
other methods for “raw” colloidal SLCN solutions without sub-
jecting them to a purification and elimination of excessive
NEt,OH present in the systems.

200 nm

1.50

400 nm

0
02 04 06 08 10 12 14 16
Height / nm

Fig.1 (a and b) AFM images of the SLCN-700 sample produced by
exfoliation of bulk GCN-700. (c) Height distribution based on the AFM
measurements plotted for pure NEt;OH solution (1) and SLCN-700
sample (2), both produced under the same conditions.
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Purification of SLCN colloids

As mentioned, the raw exfoliation products contain 0.54 M
carbon nitride (in terms of a molecular C;N, unit) and 1.36 M
NEt,OH as a stabilizer. Such colloids were subjected to purifi-
cation via addition of a “poor” solvent, in this case 2-propanol,
and centrifugation resulting in the formation of a precipitate
(see more details in ESI). Dissolution of the precipitate in DI
water produced stable colloidal solutions with spectral pro-
perties identical to those of non-purified solutions, but with a
much smaller NEt,OH amount as evidenced by the almost
neutral pH (pH 8) of the final colloids. We denote further the
purified colloids by an additional letter “p”, for example,
SLCN-600-p.

A decrease in the NEt,OH concentration was also evidenced
by XPS showing a drastic decrease of the aliphatic amine nitro-
gen peak at 401 eV after the purification (Fig. 2a). Still, the pur-
ified SLCN colloids were found to contain residuals of NEt,OH
even after several precipitation/redispersion cycles, indicating
that these residuals are strongly adsorbed on the SLCN sheets.

Raman spectra of dried non-purified SLCN colloids are
dominated by peaks typical for pure NEt,OH (compare curves
2 and 3, Fig. 2b), which is present in a high excess. The purifi-
cation resulted in marked elimination of the NEt,OH signals
as well as in a considerable redistribution of relative intensities
of residual peaks (compare curves 3 and 4, Fig. 2b). The peaks
in the range of 660-710 cm™" were scrutinized in more detail
(Fig. 2c) because the relative intensities of the Raman features
in this range can provide information on the predominant
conformation of NEt," cations present in the system.

Only a single peak at 675 cm™" is observed in this range for
NEt,OH, while non-purified SLCN colloids feature two peaks
at 675 and 695 cm™". These peaks can be assigned to two pre-
dominant conformations of NEt," cation reported earlier in
detail.**** The tetraethyl-ammonium cation was reported to
exist both in crystals and in solutions in the form of all-trans
(tt.tt) conformation (Greek cross, tt.tt) and a trans-gauche con-
formation of each Et-N-Et fragment (Nordic cross, tg.tg), both
shown as insets in Fig. 1c. The tg.tg and ¢t.t¢ conformations
were reported to have Raman peaks at 662-665 cm™' and

View Article Online
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675-685 cm™ ", respectively, with the exact positions depending
on the counterion and aggregation state.>*® As we observe no
other peaks in this range for colloidal SLCN and bulk CN does
not reveal any Raman features in this range as well, we can
assume that the peaks at 675 and 695 cm ™" correspond to the
tg.tg and tt.tt conformations of NEt," cations present in the
studied system. The shifts from the reported ranges are likely
to originate from interactions with the solvent.

Only the t¢g.tg conformation is present in pure aqueous
solutions of NEt,OH, while in the presence of SLCN sheets two
conformations exist in an equilibrium (Fig. 1c). As the ¢t.¢¢ con-
formation is more planar than the tg.tg form, we assume that
this conformation is stabilized due to the adsorption of the
NEt," cation on the SLCN sheets, while the rest of free NEt,OH
in solution remains in the t¢g.tg conformation. Similar tran-
sitions between the tg.tg and ¢t conformations of the NEt,"
cation were observed for zeolites depending on the strength of
interaction between the cation and the host materials.>*™”

After purification, the relative intensity of 695 cm™ peak
increases strongly indicating that the ¢zt form of NEt,", which
we assigned to adsorbed tetraethyl-ammonium cations, pre-
vails in such a system. A residual peak at 675 cm™" is also
observed after purification indicating an equilibrium between
adsorbed and free NEt," cations.

1

Tracking of the SLCN self-assembly by XRD

Spontaneous drying of purified SLCN colloids results in solid
products showing XRD patterns differing markedly from those
of the bulk GCN precursors. Fig. 3a shows an exemplary XRD
pattern of the dried SLCN-600-p colloid, which was aged for 1
day before the inspection. The diffractogram reveals two major
peaks corresponding to interplanar distances of 7.50 and
3.75 A, and a minor peak at 5.00 A, while the original bulk
GCN-600 shows a major peak at 3.20 A and a minor feature at
6.95 A.

These observations indicate that drying of the purified
SLCN colloids results in the self-assembly of single colloidal
sheets into layered structures with an interplanar distance
much larger than that of the original bulk material. In this

SLCN-700-p

SLCN-600

NEt,OH 4]

s L L
394 396 398 400 402 404 406 200 400 600
Binding energy / eV

Fig. 2

800
Raman shift (cm™)

620 640 660 680 700 720 740
Raman shift (cm™)

L L
1000 1200

(a) High-resolution XPS spectra of NEt,OH, as well as non-purified and purified SLCN-700 colloidal solution in the range of N 1s electron

binding energies. (b) Raman spectra of bulk CN-600 (curve 1), NEt,OH (2), non-purified SLCN-600 (3), and purified SLCN-600-p (4). (c) A close-up

on the 620-740 cm™ range of Raman spectra from (b).
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Fig. 3 (a) XRD pattern of a dried residue from purified SLCN-600-p
colloid after 1-day ageing of the dried sample. Panels (b) and (c) show
close-ups of the two major peaks observed in (a) for different periods of
sample ageing. (d) Curves 1-19 — XRD patterns detected from a drying
drop of purified SLCN-600-p colloid with a 2 min time step between
each curve. Red curve — XRD pattern of original bulk GCN-600 pre-
sented for comparison.

view, we assign the peaks at 7.50 A and 3.75 A to (001) and
(002) interplanar distances of the stage-1 intercalate of
NEt,OH stabilizer.

The gallery height of the intercalate, calculated from the
position of (001) peak and the well-reported thickness of
single-layer polyheptazine carbon nitride (3.23 A) was found to
be 7.50 — 3.23 = 4.27 A, which is in the reported range of the
size of tetraalkylammonium cations®® and linear aliphatic
amines®® intercalated into graphite. In particular, linear ali-
phatic diamines were reported to intercalate graphite in two
forms, a more flattened one with a size of 3.7-4.5 A and a
more bulky elongated conformation with a size of 4.9-7.2 A.*°
Two forms of tetrabutyl-ammonium cation intercalates in
graphite were reported, corresponding to a bulkier confor-
mation (gallery height of 8.9 A) and a flattened form (gallery
height of 4.7 A).*® The intercalation of tetraethylammonium
cations into graphite was reported to result in a gallery height
of 4.7 A.*® Similar sizes of respectively 4.3 A and 4.8 A were
reported for tetrapropyl- and tetrabutylammonium cations
intercalated into graphite.”’ A decrease in the efficiency of
electrochemical intercalation from tetramethyl- over tetraethyl-
to tetrabutylammonium cations into graphite was inter-
preted*” as a result of the spatial restriction of the intercalate
and the formation of flattened (¢t.t¢) conformations of both
tetraethylammonium and tetrabutylammonium cations in the
interlayer galleries.

The Raman spectroscopic data discussed above indicate
that the NEt," cation is present on the surface of SLCN sheets
in a flattened ¢ttt conformation, which can be assumed to be
preserved also in the final intercalate. The Raman data also
show the presence of the more bulky tg.tg conformation of the
NEt," cation, which can also enter the intercalate and be
responsible for the (002) peak at 5.00 A. The gallery height cal-
culated for this peak as 2 x 5.00 — 3.23 = 6.77 A, is in the range
of the reported size of the bulkier forms of elongated
diamine® and tetrabutyl-ammonium cation®® intercalates in
graphite, supporting our assumption.

This journal is © The Royal Society of Chemistry 2022
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All samples of purified SLCN produced at different temp-
eratures and durations of polycondensation of the original
bulk precursors showed the same behavior yielding stage-1
intercalates with the same structure (ESI, Fig. S12}). Drying of
non-purified SLCN colloids results in a much more complex
XRD patterns with many admixtures introducing large uncer-
tainties in the analysis of their structure. So, the exfoliation/
purification procedure reported here for SLCN sheets allows
performing a “bottom-to-top” synthesis of the intercalated
carbon nitride starting from the very building blocks and fin-
ishing with the bulk-like layered products. We expect that a
large variety of intercalates can be produced by this bottom-to-
top approach by introducing potential intercalating agents
into SLCN colloids and initiating the self-assembly by solvent
evaporation.

A periodic XRD inspection of the drying solid SLCN
residuals showed that NEt,OH is not the sole intercalate poss-
ible in the present system. In particular, ageing of the freshly
dried sample under ambient environment was found to result
in a gradual shift of the main (001) peak from 7.54 A in 1 h
after the sample drying to 7.52 A after 3 h, and finally to 7.50 A
after 1 day, not changing anymore at more prolonged ageing
(Fig. 3c). The (002) peak showed a complex structure with at
least three separate components contributing to the peak
shape (Fig. 3b). Similar to the (001) peak, the sample ageing
resulted in a general shift of the (002) peak to lower interpla-
nar distances complicated by a redistribution of intensities of
the constituting components. Such evolutions of the (001) and
(002) peaks were observed for all tested samples and acceler-
ated under heating and under a nitrogen flow directed to the
sample surface. This indicates that the most probable reason
for the structural evolution of the samples was gradual evapor-
ation of water intercalated between layers together with
NEt,OH.

A very similar dynamic behavior was reported for graphite
oxide, which showed an evolution of the interplanar distance
upon drying and re-intercalation of water,*>** as well as other
molecules, such as CO, ** or aliphatic alcohols.*> A number of
tetraalkylammonium cations were reported to be intercalated
into graphite oxide in a hydrated form, with the size of
hydrated NEt," cation estimated to be 6.5-7.5 A.*® Graphite
oxide typically shows continuous shifts of the (002) peak with
no separate components distinguishable, most probably due
to a high structural inhomogeneity of this material.***?
Intercalation of water was also reported for poly(triazineimide)
resulting in an expansion of the interplanar (002) distance
from 3.23 A to 3.29 A,*>*” which matches the range of changes
observed in the present work for the (002) peak of the drying
SLCN-NEt,OH intercalate. When heated, the poly(triazinei-
mide) lost water and the gallery height was restored to the orig-
inal value indicating the total reversibility of water
intercalation.*>*”

The complex structure of the (002) peak found here for the
intercalated restacked SLCN was not reported before for this
kind of materials and requires a separate investigation.
Similarly, complex XRD patterns were reported for the electro-
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chemical intercalation of tetraoctylammonium cations into
graphite,”® where an increase in the applied voltage resulted in
the conversion of the graphite (002) peak into a series of mul-
tiple peaks separated by ca. 0.3 A corresponding to multinary
stage intercalates.*®

The dynamics of the intercalate formation from colloidal
SLCN solutions can be tracked by monitoring the XRD pattern
of a drying drop of the colloidal solution periodically. Fig. 3d
shows a collection of XRD patterns recorded each 2 min from
a drying drop of the SLCN-600-p colloid. No changes were
observed during the first tens of minutes (curves 1-8) indicat-
ing that an over-saturation of the solution should be reached
prior to the intercalate starting to form. Then a small and
broadened peak appears at 3.23-3.24 A (curves 9-12) corres-
ponding to the interplanar (002) distance of the original bulk
GCN. We assign this peak to the formation of a primary non-
intercalated product from SLCN sheets, which are non-stabil-
ized or under-stabilized by NEt,OH. The Raman data dis-
cussed above showed that both adsorbed and free NEt,
cations are present in the purified SLCN colloid supporting
that the presence of non-stabilized or under-stabilized SLCN
sheets can be expected due to NEt," adsorption/desorption
equilibria. This non- (under-)stabilized species are expected to
be the least stable and precipitate first due to the drying-
induced oversaturation forming a primary non-intercalated
deposit.

In the following course of drying an additional feature at
3.78 A appears along with the peak at 3.23-3.24 A, which can
be assigned to the interplanar (002) distance of a SLCN-
NEt,OH intercalate (Fig. 3d, curve 13). Then, a rather abrupt
and pronounced change of the XRD pattern occurs and dis-
tinct and relatively intense (001) and (002) peaks of the interca-
late start to dominate the diffractogram (curve 14). From this
moment on, the shape of the XRD pattern is not changing con-
siderably any more indicating that the formation of stage-1
intercalate is the dominating process in the system.

The contours of freshly-formed (001) and (002) peaks
(Fig. 3d, curves 14-19) differ from those observed for aged
intercalates (Fig. 3b and c), most probably due to differences
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in the amount of intercalated water as well as due to unequal
conditions of the acquisition of XRD patterns (high acquisition
rate for monitoring of the drop drying, high integration time
for the inspection of the aged intercalates). We note also that
the primary intercalate (curve 14) is characterized by larger
(001) and (002) distances than those of the intercalate formed
later (curves 15-19). This fact can be accounted for by the
loose character of the primary intercalate with much more
water present in the interlayer galleries. As the total mass of
the intercalated deposit increases this excess water is, most
probably, “squeezed out” from the galleries leaving only water
belonging to the solvation shell of NEt,", which is then gradu-
ally eliminated during the sample drying as discussed above
for Fig. 3b and c.

The self-assembly into a layered intercalate observed in the
present system can open new general synthetic approaches to
complex materials by introducing other intercalating species
and inducing spontaneous self-assembly, thus forming inter-
calates in a “bottom-to-top” approach. As discussed above, this
bottom-to-top self-assembly was observed for all NEt,OH-
stabilized SLCN samples exfoliated from GCN precursors,
which were, in turn, synthesized at different temperatures and
durations of polycondensation. The general character of the
self-assembly means that simultaneously with the variation of
the intercalate molecules, we can tailor the composition and
structure of the layered polyheptazine host leading to a very
broad variability of the functional properties of final products.
Similar approaches are currently developed for other few-layer
GCN-based materials. For example, the self-assembly of GCN
sheets modified with iron-polyoxometalates allowed mem-
branes for water purification to be designed.*’

Tracking of the SLCN self-assembly by FTIR

Similar to Raman spectra, an analysis of FTIR spectra in the
range of NEt," vibrations allows the most probable confor-
mation of the cation to be identified. In this way, NEt," can be
used as a marker providing information on the self-assembly
processes in SLCN colloids. For this analysis we focus on a
section of the FTIR spectra at 900-1250 cm™" (Fig. 4a), where

0]
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(a) ATR FTIR spectra of an aqueous solution of NEt4OH, non-purified colloidal SLCN-600 (identical spectra for colloidal solution and dry

residue), purified SLCN-600-p colloid, and intercalate produced by drying of colloidal SLCN-600-p. (b and c) ATR FTIR spectra of aqueous colloidal
SLCN-600-p solution (b) and aqueous solution of NEt4OH (c) measured in 15 s intervals between each spectrum in the course of drying of a solution
drop (3 pL) on the diamond surface of the ATR setup. Inset in (b) shows an enlarged 900-1200 cm™! section of the spectra.
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distinct CH; rocking vibrations of the NEt," cation at about
1000 cm™* and 1175 cm™' can be observed,****' while
neither GCN nor SLCN show own vibrations in this range. As
discussed above for Raman spectral data, the NEt," cation has
two distinct conformations, a more planar ¢t conformation
with a tetragonal symmetry and a more bulky tg.tg confor-
mation with a cubic symmetry. The shape of the CH; rocking
vibrations in the IR spectra of NEt," salts was reported to
depend on the cation conformation.’®*" In particular, for the
cubic form the CH; rocking vibrations at ca. 1000 cm ™" and at
1175 cm™" were reported to be present as single peaks, while
for the more planar tetragonal form these features were
reported to split into two bands.>*>*

Fig. 4a shows that both CH; rocking bands of pure NEt,OH
appear as single peaks at 1002 cm™" and 1175 ecm™" with a
small satellite at 1185 cm™'. The FTIR spectrum of non-puri-
fied SLCN-600, both in the form of the original colloidal solu-
tion and after solvent evaporation, is very similar to that of
pure NEt,OH. At the same time, the FTIR spectrum of purified
SLCN-600 colloid is distinctly different from both pure
NEt,OH and non-purified SLCN-600 (Fig. 4a). First, both CH;
rocking modes are shifted to lower frequencies, most probably
indicating a strong adsorption of residual NEt," cations in the
purified colloid to the SLCN sheets affecting the geometry of
the cation and the energy of vibrations. Secondly, the original
feature at 1175 cm™ appears splitted into two bands at
1125 cm ™" and 1165 cm ™. From this fact we can conclude that
the adsorbed NEt," cation is predominantly present in the
more planar tetragonal conformation, which is in agreement
with the above-discussed Raman data.

The FTIR spectrum of a dried SLCN-600-p sample (Fig. 4a),
in turn, appears to have an intermediate shape between free
NEt," in NEt,OH and adsorbed NEt," cation in the original
purified colloid. Both CHj; rocking bands are split into two
components (1175/1145 cm™" and 1002/1046 cm™"), however,
the bands are shifted to higher frequencies and come closer to
the frequencies of pure NEt,OH. From these observations it
can be assumed that the NEt," cations intercalated between
layers remain mostly in the planar tetragonal conformation
but, being placed between two SLCN layers, experience a lower
influence from each of the layers and show vibration frequen-
cies closer to those of the free tetraethylammonium cation.

Similar to the above-discussed XRD data, we followed the
formation of the SLCN-NEt,OH intercalate by drying a drop of
purified colloidal SLCN-600-p on the surface of a diamond
ATR accessory and periodically (each 15 s) taking FTIR spectra
of the drying droplet (Fig. 4b). As a reference we performed a
similar procedure with a droplet of pure aqueous NEt,OH solu-
tion, for which drying is accompanied by a constant growth of
all NEt, -related bands and a decrease in the intensity of water
features at 3000-3500 cm™" (Fig. 4c).

In contrast, almost no changes can be observed during the
drying of purified SLCN-600-p colloid till a critical point, at
which the FTIR spectrum changes abruptly and in a pro-
nounced way (the transition shown by green arrows in Fig. 4b).
In this critical point the FTIR spectrum typical for colloidal

This journal is © The Royal Society of Chemistry 2022
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SLCN converts into the FTIR spectrum of the dried intercalate
and no further changes can be observed at longer drying
times. Simultaneously with this spectral transition the inten-
sity and shape of water-related features change abruptly as
well, most probably, due to shielding of residual water from
the diamond surface by the deposited intercalate. The abrupt
character of the observed changes indicates that the formation
of the intercalate requires a certain threshold over-saturation
of the solution and is similar to a phase transition. A gradual
and small decrease of the intensity of the vibration bands of
both strongly adsorbed NEt," and water observed before the
critical point can be explained by the deposition of non-inter-
calated layered polyheptazine, as revealed by XRD tracking,
which can also shield the ATR diamond from the colloidal
solution.

Tracking of the SLCN self-assembly by AFM

We found that the character of interaction of SLCN sheets with
the mica substrates observed for purified colloidal samples
differs drastically from that discussed above for non-purified
SLCN colloids. In particular, drying of the purified SLCN col-
loids on mica results in the formation of Voronoi tessellation-
like periodic networks with a hexagonal symmetry (exemplified
in Fig. 5a and b for SLCN-600-p and SLCN-700-p). The self-
assembly of SLCN sheets into hexagonally shaped networks
occurs in relatively large sample areas of hundreds of um?
showing roughly the same shape and size of elemental hexag-
onal units for different samples, but different thicknesses of
“walls” depending on the history of the original SLCN colloids
(Fig. 5¢). This self-assembly effects have a general character for
colloidal SLCN samples produced at different conditions of
the synthesis of bulk GCN and different exfoliation conditions
(ESI, Fig. S1371) allowing the chemical composition of the
single layers of the intercalate to be tailored at different steps
of the production of final intercalates.

When compared to conventional Voronoi patterns showing
a distribution of various polygons, the SLCN self-assemblies
reveal a distinct tendency to hexagonal symmetry, which can
have multiple origins, including (i) inherent symmetry of poly-
heptazine sheets and (ii) directing influence of the mica sub-
strates. In the first case, one can expect translation of the
inner hexagonal symmetry of the heptazine building blocks of
SLCN sheets to a larger scale due to specific interlayer inter-
action. This explanation can be supported by examining the
structure of the “walls” of the hexagonal SLCN self-assembly.
Profiling through the “fingers” forming “walls” of the patterns
(profile 1 in Fig. 5b) shows them to be of equal height of ca.
9 A corresponding to double-layer sheets. At the same time,
profiling through the nodes of the hexagons (profile 2 in
Fig. 5b) shows that the middle part of the wall between two
nodes is thinner than the nodes themselves, in the present
case by a single period of 4.5 A. This geometry implies that the
walls are formed by crossed ribbons formed from SLCN sheets
resulting in the nodes being thicker than the ribbons. Then,
the hexagonal symmetry of the observed self-assembled struc-
tures can be naturally explained if a specific angle of 120° is
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Fig. 5 AFM images (a and b) of SLCN-600-p (a) and SLCN-700-p (b) samples on mica. (c) Particle height distributions calculated from panoramic
AFM images for SLCN samples produced from bulk GCN synthesized at 400 °C, 1 h calcination (bars 1), 600 °C, 1 h (2), 700 °C, 1 h (3), and 700 °C,
2 h (4). (d) Exemplary height profiles for the SLCN-700-p sample plotted along the lines shown in (b).

assumed to be the most beneficial for the interaction between
SLCN layers.

Similar self-directing effects are typically observed for GCN
nano-/micro-tubes formed by the polycondensation of supra-
molecular precursor assemblies.>>> It is assumed that such
GCN tubes are formed from hexagonally shaped rods produced
by stacking of the hexagonally shaped supramolecular precur-
sor complexes.” In this way, the hexagonal symmetry of the
precursor molecules forming the supramolecular complexes is
translated to the hexagonal shape of the final GCN tubes at
the nano-/micro-level.>® Similar structure-directing effects can
also be assumed to take place in the present system.

Alternatively, a directing influence of mica substrate can be
inferred to explain the formation of periodic hexagonal pat-
terns. For example, some DNA molecules were reported to self-
assemble on the mica surface into hexagonal networks with
no specific interactions between single DNA molecules, which
could explain such geometry.>* Many other examples of hexag-
onal self-assemblies were reported and attributed to specific
interactions between the adsorbate and mica, the latter having
hexagonal lattice symmetry. The scope of such adsorbates
includes Pd nanowires,> ribbon-like 1D coordination poly-
and peptide nanorods,”” ® and collagen fibrils.®*
Similar effects were also observed by AFM for other atomically-
smooth surfaces, such as highly-oriented pyrolitic graphite,
which induced hexagonal self-assembly of heptanoic acid.>
the latter case the hexagonal patterns were formed both due to
oriented pre-assembly of the solute and the templating effect
of the substrate surface.

The validity of the assumption on the templating role of
mica surface could be verified by an AFM observation of the
shape of SLCN formations on other substrates. However, the
substrates tested by us so far, in particular, glass, polished
silicon, as well as thermally evaporated gold and platinum
films, did not provide sufficient smoothness for measure-

mers,®
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ments comparable with those made on the freshly-cleaved
mica.

As discussed above, the thickness of the walls in the hexag-
onal self-assembly of SLCN on mica depends both on the
history of samples (type of bulk precursor) and on the concen-
tration of the colloidal solution deposited on the mica sub-
strate. In particular, for the same SLCN sample the thickness
of the walls forming hexagonal patterns was found to be
directly proportional to the SLCN concentration (Fig. 6; ESI,
Fig. S141). At that, the patterns retain the characteristic hexag-
onal symmetry.

In the case of the lowest tested SLCN concentration
(dilution of 5:1000, Fig. 6), very thin periodic formations can
be observed in the AFM images, which already show a hexag-
onal motif with some of the walls and sections missing due to
the lack of the “building” material. Profiling through the walls
of such self-assemblies (see section 1 and profile 1 for the case
of 5:1000 in Fig. 6) shows them to be single-layer polyhepta-
zine sheets with a thickness of 3.5-4 A. Profiling through two
nodes (section 2 and profile 2 for the case of 5:1000, Fig. 6)
shows two-layer formations, which is in accordance with the
above-proposed mechanism of the formation of self-assembly
via overlapping of two (several) SLCN ribbons at a certain
angle.

Qualitatively the same situation is observed for the samples
produced from more concentrated samples (dilution of
40:1000, Fig. 6). Here we also observe that the nodes are
thicker than walls between them (section 1 and profile 1 for
the case of 40:1000, Fig. 6) indicating that the oriented over-
lapping of SLCN ribbons can be the driving force for the self-
assembly. Profiling through several periodicities of the hexag-
onal network (section 2 and profiles 2 for the case of 40: 1000,
Fig. 6) shows that nodes and walls are of the same thickness
throughout the entire network. Similar conclusions can also
be drawn from the profiling of a set of samples with 5

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 AFM images and roughness profiles for two samples of SLCN-700-p on mica produced at two different dilutions of the original colloid.
Areas 1 and 2 are presented as enlarged images, lines show the direction of profiles presented in the graphs.

different dilutions (10 : 1000-70 : 1000, ESI, Fig. S147). Overall,
the wall thickness was found to increase from ca. 4 A for the
minimal dilution tested (5 : 1000) to ca. 18 A for 70 : 1000, the
latter corresponding to four-layer walls, while the hexagonal
symmetry of the self-assembled network is preserved in all cases.

The dependence of the geometry of SLCN patterns on the
concentration can be regarded as a combination of two self-
assembly effects found and discussed in the present work. On
one side, the SLCN sheets self-assemble on mica into regular
hexagonal patterns. On the other side, the walls of the hexag-
onal network are formed due to the stacking self-assembly of
SLCN sheets and the formation of intercalates with NEt,OH
discussed in the previous sections. Therefore, by exploiting
both self-assembly effects we potentially can deposit SLCN
sheets onto mica in a sequential manner and grow an array of
closely-packed vertically-aligned hexagonal wells and even
tubes, their depth tailored with a precision of a single polyhep-
tazine layer.

Conclusions

We report on two new effects of self-assembly of single-layer
polyheptazine carbon nitride (SLCN) sheets, which open per-
spectives for bottom-to-top design of novel layered functional
materials. First, the SLCN sheets spontaneously form layered
stage-1 intercalates of tetraethylammonium hydroxide when
an aqueous colloidal SLCN solution stabilized by NEt,OH is
left drying in ambient conditions. The dynamics of the interca-
late formation was followed by in situ XRD allowing several
steps of this process to be discriminated, including the abrupt
start of the self-assembly due to over-saturation of the colloidal
SLCN solution, deposition of a primary “wet” intercalate of
hydrated NEt,OH and the gradual elimination of excessive
water during the ambient drying of the freshly deposited inter-

This journal is © The Royal Society of Chemistry 2022

calate. At that, the NEt," cations are intercalated in a preferred
flattened conformation having specific vibrational properties,
allowing the formation of intercalate to be tracked by FTIR and
Raman spectroscopy using the tetraethyl-ammonium cation as
a spectral probe to get insights in the dynamics of self-assem-
bly and the structure of final intercalates.

These self-assembly effects have a general character for col-
loidal SLCN samples produced using NEt,OH as an exfoliating
agent at different conditions of the synthesis of the original
bulk graphitic carbon nitride (GCN) and different exfoliation
conditions, allowing the chemical composition of the single
layers of the intercalate to be tailored at different steps of the
production of final intercalates. We expect that other mole-
cules and ionic species can also be incorporated into interca-
lates along with NEt,OH, if introduced into SLCN colloids
prior to the self-assembly. Such co-intercalation can potentially
be used to further functionalize the SLCN self-assemblies,
however, the feasibility of this approach is still to be proven.

Secondly, when dried on freshly-cleaved mica, the SLCN
sheets form layered hexagonally-shaped networks, which can
be observed in relatively large areas of the substrate (hundreds
of um?). These self-assembly effects can be driven both by the
translation of internal hexagonal symmetry of heptazine units
to a larger micro-scale and by a templating effect specific for
mica surfaces. Similar to the formation of intercalates, the 2D
self-assembly on mica has a general character for SLCN sheets
produced by the NEt,OH-driven exfoliation from different
GCNs allowing the chemistry of the “walls” of the hexagonal
self-assemblies to be tuned via changing the properties of the
bulk precursors. The thickness of the “walls” can be easily con-
trolled by the SLCN content in the solution deposited on mica.
The scope of substrates for the SLCN self-assembly reported in
the present work is limited to glass and mica, but we expect
these self-assembly phenomena to be of a general character
for other polar surfaces.
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By combining both self-assembly effects we can potentially
design new ordered coatings showing a long-range geometrical
regularity and a broad tunability of the chemical properties of
layered “walls” forming the hexagonal patterns. The colloidal
SLCN species stabilized by NEt,OH reveal highly intense
broad-band photoluminescence,?® photochemical activity,®?
and the capability of charge transfer when combined with
semiconductor*’®** and metal®*”*> nanocrystals. These func-
tional properties are expected to be preserved in the final inter-
calates and 2D self-assemblies making such materials promis-
ing for light-conversion applications.
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