JJOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Reversible Intercalation of Hexagonal Boron Nitride with Brgnsted

Acids

Nina L. Kov‘cyukhovaf"’Jr Yuanxi Wang,1E Ruitao Lv,* Mauricio Terrones,” Vincent H. Crespi,*’i

and Thomas E. Mallouk®"

"Department of Chemistry and “Department of Physics, The Pennsylvania State University, University Park, Pennsylvania 16802,

United States

O Supporting Information

ABSTRACT: Hexagonal boron nitride (h-BN) is an insulating compound that is
structurally similar to graphite. Like graphene, single sheets of BN are atomically
flat, and they are of current interest in few-layer hybrid devices, such as transistors
and capacitors, that contain insulating components. While graphite and other
layered compounds can be intercalated by redox reactions and then converted
chemically to suspensions of single sheets, insulating BN is not susceptible to
oxidative intercalation except by extremely strong oxidizing agents. We report that
stage-1 intercalation compounds can be formed by simple thermal drying of h-BN
in Brensted acids H,SO,, H;PO,, and HCIO,,. X-ray photoelectron and vibrational

spectra, as well as electronic structure and molecular dynamics calculations,
demonstrate that noncovalent interactions of these oxyacids with the basic N atoms of the sheets drive the intercalation process.

B INTRODUCTION

Intercalation reactions of lamellar solids form the basis of a
number of practical technologies and are now of increasing
interest in the context of physical phenomena that are unique
to 2D materials.' > Intercalation reactions are often used as the
first step in exfoliation of lamellar crystals to individual atomic/
molecular layers.*** In this family of materials, graphene,"'
transition metal dichalogenides,m’12 and hexagonal boron
nitride (h-BN)"*™"° can be mechanically exfoliated to form
crystalline, atomically flat semimetallic, semiconducting, and
insulating sheets. In order to produce such monolayers as free-
standing sheets in practical quantities for device fabrication and
physical property measurements, several solution-based chem-
ical approaches have been studied.'®'°™>> Among these, only
exfoliation of preformed stage-1 intercalation compounds gives
an appreciable yield of single sheets.'®*'~*°

Both graphite and transition metal dichalogenides are
amenable to host—guest redox reactions that are sufficiently
favorable energetically that they can overcome the van der
Waals forces between sheets."” Intercalation chemistries of
graphite and transition metal dichalogenides are thus well
developed."****” As a wide band-gap insulator with polar
bonds, the dielectric,”®* electrochemical,®® thermal,>" and
optical® properties of BN offer exciting possibilities for devices
based on individual sheets and intercalation compounds.
However, the large band gap (~5.2 eV) of BN**** and the
electrostatic attraction between sheets makes the energetics of
redox-driven intercalation unfavorable. The literature on h-BN
intercalation chemistry is contradictory with both positive and
negative results described.**™*” Reductive intercalation with
potassium has been demonstrated in h-BN thin films,>* and
bulk h-BN has been intercalated at high temperature by Li.*®

-4 ACS Publications  © 2013 American Chemical Society

8372

The only example of successful oxidative intercalation of h-BN
involves the powerful oxidant S,O4F,, although intercalation
compounds of uncertain composition and structure with SbFs/
F, were also reported.” Intercalation of strong oxidizing or
reducing agents often involves damage to the sheets or
formation of host—guest covalent bonds that irreversibly alter
the physical and electronic structure of the layers. Well-known
examples of this effect are lithiated transition metal disulfides,
lithium-intercalated graphite, graphite oxide, and graphite
fluorides.'

Thus, intercalation of molecules through nonspecific,
reversible interactions with h-BN sheets remains an unsolved
problem, the solution of which could lead to a new family of
intercalated layered materials and single-sheet devices.***!

We report here the nonoxidative intercalation of h-BN by
Brensted acids H,SO,, H;PO,, and HCIO, to form stage-1
intercalation compounds. Spectroscopic data and electronic
structure/molecular dynamics calculations indicate that the
acids intercalate into h-BN through polar interactions with the
layers, especially through hydrogen bonds to the basic nitrogen
atoms of the sheets. Spectra also suggest the possibility of polar
interactions between the oxygen atoms of the acids and the
boron atoms of the h-BN layers.

B RESULTS AND DISCUSSION

Intercalation reactions of h-BN occur upon thermal drying of
films of h-BN microcrystals drop cast from suspensions of
concentrated aqueous acids. Acids of different molecular size,
shape, and acid strength were studied: H,SO,, H;PO,, HCIO,,
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HC], HNO;, CH;COOH, HCOOH, C¢HSO;H, and H,O.
Among these, only H,SO, H;PO,, and HCIO, reacted,
forming new phases with interplanar spacings of 7.4 , 6.9,
and 6.6 A, respectively. The differences between these distances
and the interplanar spacing in h-BN (3.3 A) indicate average
gallery heights of 4.1, 3.6, and 3.3 A, respectively, and formation
of stage-1 intercalation compounds (Figures 1 and 2 and Table
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Figure 1. XRD patterns of h-BN/H,SO, (a and b) and h-BN/HCIO,
(c) films prepared by (a) drying the suspension at 130 °C and (b)
drying at 130 °C (sample A) then exposing to ambient conditions for
3 days and heating again at 130 °C for 1 day. (Inset) Low-angle XRD
patterns of sample A (bottom) kept under ambient conditions for 3
days (center) and then heated again at 130 °C for 1 day (top) and (c)
drying at 90 °C. The asterisk (*) indicates h-BN reflections; n, n'
indicate reflections of the new phases.

S1, Supporting Information). These gallery heights are
sufficient to accommodate a single layer of intercalated acid
molecules, although by comparison the dy,; distances in stage-1
graphite intercalation compounds with sulfuric acid are ~1 A
larger (~8 A)! Interestingly, and regardless of the acid/h-BN
molar ratio, we have never observed 00! reflections character-
istic of higher stages, which are typical products of graphite
intercalation with oxidizing agents. Similar differences between
the intercalation behavior of h-BN and graphite were also noted
for the intercalation reaction with S,04F,.>° Several weak
reflections, indicating formation of some other as-yet
unidentified crystalline phase(s), also appear in the high-angle
region of the X-ray diffraction (XRD) patterns of both h-BN/
H,SO, and h-BN/H,PO, systems. The pattern of 00]
intensities is different for the three h-BN intercalation
compounds and also changes upon drying, which indicates
different distributions of electron density in the galleries of the
three compounds.

Importantly, there was no evidence of intercalation in the wet
films (even after heating for many hours) or in liquid acid
suspensions of h-BN (even after several months) that were not
subjected to drying. In order to better understand the role of
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Figure 2. XRD patterns of h-BN/H,PO, films prepared by (a) drying
at 120 °C for 2 days (wet film (L) that shows the beginning of the
intercalation process), (b) drying at 120 °C for 35 days (dry film (S),
intercalation completed), (c) drying at 220 °C and then keeping at
120 °C for 24 days, (d) drying at 220 °C, and (e) drying at 120 °C for
28 days (dry film (S), sample area with mainly small particles) and (f)
a sample that was kept at different temperatures: arrow shows the
order of temperature change. (Inset in a) Intensity changes of the 002
BN and 001n reflections with time. Asterisk (*) indicates h-BN
reflections; n, n' indicate reflections of the new phases.

drying in initiating the intercalation reaction, we performed
thermal analysis of the starting h-BN/acid suspensions in the
isothermal regime. h-BN/H,SO, and h-BN/H,;PO, suspen-
sions were heated to 130 and 120 °C, respectively, and kept at
these temperatures for 22 h. Results are shown in Figure S1,
Supporting Information. Some dehydration of the acids occurs
during the first hour, during which they lose 11—12% of their
water. After the first hour, the weight of the suspensions
decreases more slowly and the ratio of water to acid (H,SO, or
H,PO,) in the vapor phase becomes constant. The water
content of the liquid thus reaches its equilibrium value rapidly
and remains constant thereafter. Thus, although dehydration of
the acids may be an important driving force in the intercalation
reaction, dehydration alone is not sufficient to initiate the
reaction. Dehydration is a relatively fast process, and
intercalation is found to occur only when the films are heated
to dryness.

Dried films acquire a light gray color and are very
hygroscopic. In all h-BN/acid systems, the intercalated phases
coexist with some amount of intact h-BN, which is less in the h-
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BN/H;PO, films. After their formation, the intercalation
compounds are stable at the temperature of drying (90—130
°C, see Table SI, Supporting Information) or at ambient
temperature in a dry atmosphere. Exposure to ambient air leads
to gradual disappearance of the 00l reflections of the
intercalated phases, which reappear after reheating the samples
at the drying temperatures (Figure la and 1b and inset). In the
h-BN/H,SO, system, another new phase with dypy; = 8.2 A
forms under ambient conditions and persists after reheating
(Figure 1b and inset). The 1.3 A increase in the interlayer
spacing upon cooling in air may indicate formation of hydrated
sulfate species inside the h-BN matrix. Subsequent addition of
the parent acid or water leads to complete disappearance of the
intercalated phases.

In the h-BN/H,SO, system, the intercalated phase becomes
noticeable when the film appears completely dry (after several
days of drying). In the case of h-BN/H,PO, films, the
intercalated phase appears considerably sooner (Figure 2a).
When drying occurs at 120 °C, the 001 reflection of the
intercalated phase becomes noticeable in ~24 h and its
intensity grows linearly for ~7 days, after which the reaction
slows down, judging from the relative intensities of reflections
from the intercalated phase and h-BN (Figure 2a, inset).
Interestingly, in some areas of the h-BN/H;PO, film that are
dominated by small h-BN particles, the original h-BN phase is
completely absent from the XRD pattern (Figure 2e).
Accordingly, in micro-Raman spectra (Figure S2, Supporting
Information) recorded with the laser beam focused on the
largest particles, the (v_n)/V[p—(om)3) intensity ratio is much
higher than it is in the spectra of smaller particles.

The stage-1 intercalation compound with an interlayer
distance of dyy; = 7.4 A exists in the temperature range 120—
200 °C. The XRD pattern of a sample heated at successively
increasing temperatures shows this phase up to 200 °C (Figure
2 f). Heating this sample to 250 °C leads to disappearance of
the 7.4 A phase and formation of another intercalated phase
with an interlayer spacing of 6.5 A (Figure 2f). In a film
prepared at 220 °C, only the 6.5 A phase is observed (Figure
2d). (Although a reflection at 20 = 24.04°, d = 3.7 A, is also
present, the most intense dyy, reflection of the 7.4 A phase is
absent.) Cooling both samples to 120 °C results in
reappearance of the 7.4 A phase (Figure 2c and 2f). The
XRD pattern of a sample first made at 220 °C and then cooled
to and kept at 120 °C gradually becomes similar to that of the
sample prepared at 120 °C, including in the high diffraction
angle region.

This thermal reversibility is also observed by Raman
spectroscopy (Figure 3b—d). The spectrum of the h-BN/
H;PO, film prepared at 120 °C contains many vibrations
characteristic of orthophosphate species (Figure 3b), whereas
that of the film prepared at 220 °C shows in addition the low-
frequency vibrational modes of pyro- and polyphosphates
(Figure 3d).**™*® In the spectrum of a film prepared at 220 °C
and then cooled to and kept at 120 °C, the polyphosphate
features gradually disappear and the spectrum becomes similar
to that of films prepared at 120 °C (Figure 3c). It is known that
dehydration of H;PO, results in polycondensation of the
phosphate units, which can be reversed by exposure to water.
Therefore, the reversible thermal dehydration/hydration of the
phosphate species is most likely responsible for the structural
transformations of the intercalated phases observed by XRD.
This reversibility also implies the absence of covalent bonds to
BN below 220 °C. Thus, acid molecules are held in the

8374

200 400 600 800 1000 1200 1400 1600 1800
El Pyro&polyphosphatel ' | i g veN)
\ 23
Y38 220° (5)
£5

Jé |

220°C = 120°C (S)

{{‘El
<

120°C 35d (S)

. 8,{P{OH},)

120°C 2d (L)

800 1000 1200 1600

Raman shift, cm?

400 600 1400 1800

Figure 3. Raman spectra of h-BN/H;PO, films prepared by drying at
(a) 120 °C for 2 days (wet film that shows the beginning of the
intercalation process in XRD patterns), (b) 120 °C for 3S days (dry
film, intercalation completed), (c) at 220 °C and then keeping at 120
°C for 24 days, and (d) 220 °C.

interlayer galleries by noncovalent interactions. However at 250
°C, features characteristic of BPO, become noticeable in the
XRD patterns and Raman spectra. Because the interlayer
galleries in the intercalation compounds with H;PO, narrow by
0.9 A at higher temperatures and the intensities of the
corresponding 00! reflections decrease significantly, it is
possible that H;PO, polycondensation takes place on the
outer surface of the h-BN host crystals and causes diffusion of
the monophosphate species out of the galleries. In this scenario,
the polyphosphate species rehydrate upon cooling, the
concentration of the monophosphates increases, and they
diffuse back into the interlayer galleries.

Electron microscopy images (Figure 4 a—g) reveal the
morphology of the h-BN/H,SO, (Figure 4a and 4d) and h-
BN/H;PO, (Figure 4b, 4e, and 4f) microcrystals, which is
different from that of the starting h-BN powder (Figure 4c and
4g). In the dried h-BN/acid suspensions, the hexagonal and
round crystal shapes of h-BN are much less pronounced and
the crystals look thinner, more flexible, and partially
delaminated (Figure 4f). Many of the h-BN/H;PO, samples
contain dense aggregates of the particles. Selected-area electron
diffraction (SAED) patterns of h-BN/H,SO, (Figure 4 a, inset)
and h-BN/H,PO, (Figure 4 b, inset) agree with the XRD
patterns of new phases formed in these systems.

The composition of the h-BN/acid intercalation compounds
was studied by energy-dispersive spectroscopy (EDS), X-ray
photoelectron spectroscopy (XPS), and thermal analysis. EDS
estimates of the sulfur content in h-BN/H,SO, films prepared
at 130 °C fell within the range of 1.0—9.5 atom % and differed
considerably for different specimen locations (12 areas were
measured). Thermal analysis (Figure S3, Supporting Informa-
tion) revealed an average H,SO, content of about 20 wt %,
corresponding to ~6 atom % of S, in reasonable agreement
with the average of the EDS values. For the highest S
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Figure 4. TEM (top) and FESEM (bottom) images of dry suspensions of (a and d) h-BN/H,SO, and (b, e, f) h-BN/H;PO, that were prepared at
130 and 120 °C, respectively, and show the intercalated h-BN phase in XRD patterns and (c and g) pristine h-BN powder. (f) Edge of a h-BN/

H,PO, crystal. Insets in a and b show SAED patterns.

concentration found (9.5 atom %) the BN/S atomic ratio is
~3.9, close to the composition of stage-1 graphite bisulfate,
C24+HSO4_(2HZSO4).47 Importantly, EDS showed the highest
sulfur content in samples made from the smallest (<1 ym) h-
BN particles, implying more complete diffusion into smaller h-
BN crystals. As noted above, the same is true in the h-BN/
H;PO, system.

For h-BN/H;PO, films prepared at 120 °C, EDS results were
more homogeneous. P and BN contents were 20.1 atom % and
114 mol %, respectively (average of 16 specimen areas). The
BN/P atomic ratio is 0.59. XPS analysis yields an N/P atomic
ratio of 0.62, in good agreement with the EDS results. This
value is clearly too low for a stage-1 intercalation compound,
and formation of acid multilayers in the galleries is not
supported by the XRD data (dyy, = 7.4 A). Therefore, we
conclude that significant amounts of P-containing species must
remain adsorbed on the external surface of the intercalation
compounds.

Under the conditions of our experiments, accurate
determination of the composition of the h-BN/H,SO, and h-
BN/H;PO, intercalation compounds is difficult to achieve
because dried suspensions contain significant amounts of intact
h-BN (see XRD patterns in Figures 1 and 2) and because acid
is adsorbed outside the gallerles It is known that the degree of
intercalation of h-BN,* transition metal dichalcogenides, and
graphite' depends strongly on the size and quality of the host
crystals. In the present case, accurate determination of the
intercalated acid content will require small, monodisperse h-BN
crystals of good quality, which is a matter for future
investigation.

B SPECTROSCOPY AND STRUCTURE OF H-BN
INTERCALATION COMPOUNDS

XPS. N 1s and B 1s core level spectra (Figure S) of the h-
BN/H;PO, intercalation compound, compared with those of
pristine h-BN powder (Figure S top right), reveal new
components at higher and lower binding energies (BE) in
both spectral regions. A new N 1s component appears at BEy,
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=402 eV (Figure S top left). This value falls within the range of
energies characteristic of protonated amine groups.”®*’
Another new N 1s component at BE = 397.4 eV is shifted by
—0.9 eV relative to the N 1s peak of h-BN, suggesting the
presence of N atoms with higher electron density in the h-BN/
H;PO, system.

Interpretation of the B 1s spectrum of the h-BN/H;PO, film
is complicated by partial overlap with the P 2s spectrum
(Figure S bottom right). We estimated positions of the P 2s
components in the Bls—P2s envelope using positions of the
components in the P 2p spectrum (Figure S bottom left). The
latter has an asymmetric shape and has to be fitted by at least
two components with BEp), of ~133.95 and ~134.7 eV. For
the phosphorus atom BEp,; — BEp,, = §7.5 + 0.15 eV.>® Shifts
in binding energies of a given atom that occur upon chemical
conversion of one c0m6pound to another are the same for all of
the inner orbitals.’® " This allows us to approximate the
positions of the P2s components in the B 1s—P 2s envelope as
~191.3 and ~192.1 eV (Figure S bottom right, green lines).
(The two components in the P 2p envelope are not assigned to
any chemical species because of lack of XPS reference data.
They serve only to approximate the positions of the P 2s
components.) Other components required to fit the B 1s—P 2s
envelope should be assigned to the B atoms (Figure S bottom
right, black lines). As in the case of the N atoms, the B 1s
binding energies suggest the occurrence of at least two types of
boron atoms with higher and lower electron density relative to
those of pristine h-BN.

In the h-BN/H;PO, system, higher electron density on the B
atoms may result from formation of P=0:—B dative bonds.
This assignment is consistent with FTIR data (below) and
literature on a shift of BEg;, to lower energy in boron hydride
complexes with electron-donor ligands.” The increase in
electron density on the vacant p orbitals of boron should
decrease the order of B—N bonds with the neighboring
nitrogen atoms and increase the electron density on nitrogen.
This may explain the lower binding energy N1s component at
BEyys = 397.4 eV (Figure 8 top left, blue line). A decrease in
the electron density on the nitrogen, which follows from the
appearance of the higher binding energy Nls component at
BEy;, = 402.0 eV, may result from protonation or formation of
strong hydrogen bonds, N---H---OP. This should decrease the
B—N bond order with neighboring boron atoms and lower the
electron density on boron. This is consistent with the
occurrence of a higher binding energy Bls component at
BEy,, ~ 193.7 eV.

Vibrational Spectroscopy. Because intercalation of acids
into the h-BN matrix becomes noticeable only after many hours
of thermal drying of the h-BN/acid suspensions, the water
content of the acid can decrease substantially during the
reaction (Figure S4, Supporting Information). Therefore, acid
spectra were taken after sulfuric and phosphoric acids were
heated in air at 130 and 120 °C, respectively, for several hours,
until water evolution almost stopped and their water contents
remained approximately constant.

FTIR spectra of the concentrated aqueous acids (85% H,PO,
and 100% H,SO,) heated under the conditions of the
intercalation reaction reveal bands characteristic of the H;PO,
molecule (Figures 6¢ and 7b) or the H,SO, molecule and the
HSO, anion (Figures 6a and S3a, Supporting Information).
HSO,” is formed by autodissociation of sulfuric acid*® which
may be enhanced by absorption of water during exposure of
oleum (20%) to air at 130 °C. The broad band centered at
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Figure 6. Transmission (a and c) and ATR (b and d) FT-IR spectra of
(a) H,S0,—S0; 20% heated at 130 °C for 3 h, (b) dry (130 °C) film
of h-BN/H,SO,(ATR), (c) HyPO, (85%) heated at 120 °C for S h,
and (d) dry (120 °C) film of h-BN/H;PO,. Both dry films show h-BN
intercalation phases in XRD.

~1700 cm™' can be assigned to superimposed 5(H,0) and
5(H;0") modes.* Full band assignments of the acid spectra
were made according to the literature**~**** and are shown in
Figures 6 and 7and Figure S5 and Table S2, Supporting
Information.

FTIR spectra of both acids revealed broad, continuous
absorption bands in the O—H stretching region with maxima
located near 3000, 2400, and 1650 cm™ (Figure 6a and 6¢). In
concentrated acid solutions, this absorption continuum is
characteristic of OH groups involved in a network of
polarizable hydrogen bonds, such as P(S)OH---OP(S) and
P(S)OH:--OH,.>!

In the FTIR spectra of dried h-BN/acid films that contain the
intercalated BN phase, the absorption intensity in the high-
frequency continuum region decreases significantly and several
new sharp maxima appear in the 2200—3400 cm™' range
(Figure 6 b and 6d). This is consistent with a decrease in
polarizable hydrogen-bonding interactions,”" which can occur if
P(S)OH--OP(S) and P(S)OH:-OH, bonds are disrupted by
phosphate (sulfate) species and also if less polarizable H bonds
are formed within the BN galleries. The shoulder at ~3600
cm™! indicates a higher concentration of the unassociated OH
groups in the intercalation compound.*

In the mid-IR region, FTIR spectra of dried h-BN/H;PO,
films (Figure 7c and 7d) reveal two important differences from
the spectra of H;PO, (Figure 7b):

First, the /(p—o) band (formerly at 1135 cm™) broadens and
reveals fine structure in the range 1100—1170 cm™'. In the
ATR spectrum (Figure 7d) there is a red shift of the band
center by 43 cm™" and a shoulder appears at ~1160 cm™. A
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Figure 7. Transmission (a—c) and ATR (d) FT-IR spectra of (a)
starting h-BN powder, (b) H;PO, (85%) heated at 120 °C for S h, and
(c and d) a dry (120 °C) film of h-BN/H,PO,. Dry film shows h-BN
intercalation phases in XRD patterns.

similar splitting has been observed in metal—phosphine oxide
complexes and assigned to nonequivalent ligands in the
crystal.>* The low-frequency component was explained by
formation of a dative bond from the oxygen atom to a metal
ion.>>7>° In the present case, lower frequency spectral features
suggest formation of >P=0:— B°" dative bonds between
some of the acid molecules and the h-BN layers. The P=0
groups of the other molecules may remain unbound and less
involved in hydrogen bonding because of the low water content
in the galleries; this would blue shift the vp—o) band*® and thus
account for the higher frequency component. In the ATR
spectrum, the position of the lower frequency component at
1092 cm™" and the width of the band suggest the presence of
the H,PO,~ anion.”** This is confirmed by the appearance of
a Raman peak at ~1083 cm™, Figure 3b.

Second, a new band appears at 917 cm™', or the Vs[p-(OH)3]
band at ~890 cm™" splits. This feature might be attributed to a
blue shift of the v/p_ (omr)3) mode of some of the acid molecules
or to the vy p_(om),) mode of the H,PO,” anion.** The latter is
more likely because the v,p_(on);) band red shifts by ~20
cm™". (Some red shift of the Vgip—(on)3] mode is also possible
judging from the broadening of this band.) The Raman
spectrum (Figure 3 b) also shows a red shift of the v,p_(om)3
mode and the appearance of the v, p_(omy) mode of the
H,PO,” anion. Here again it is important to recall that there
are inequivalent H3;PO, molecules in the intercalation
compound. While some acid molecules may form hydrogen
bonds to the nitrogen atoms, P—OH:--N°"B, which are weaker
than POH---O==P hydrogen bonds* (i.e., consistent with the
V[p—(om)s] mode shift to the lower frequencies), other H,PO,
molecules may dissociate by protonation of N atoms,
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BNH"---H,PO,”. The Raman spectrum (Figure 3b) also
shows new shifts at 1082 and 952 cm™ that can be assigned
t0 Uy[poy) and Vygp_(om)2) modes, respectively, of to the H,PO,~
anion.

Raman spectra of h-BN/H;PO, (S) films prepared at 120 °C
(Figure 3 b and 3c) have a broad feature in the 1500—1650
cm™! range, whose origin is not clear. Spectra of both the
starting acid and the still-wet (dried for 2 days) h-BN/H,PO,
film (Figure 3a) are featureless in this region.

Comparison of the spectra of the H,SO, precursor and the
dried h-BN/H,SO, film (Figure S4b and S4c, Supporting
Information) reveals changes that are similar to those found for
h-BN/H,PO, (see Supporting Information for details). This
suggests similar host—guest interactions in both systems. The
following picture for both intercalation compounds emerges
from the XPS and vibrational spectroscopic data.

e There is appreciable disruption of the acid—acid
hydrogen bonds upon intercalation.

There is evidence of dative bonds >P(S)=0:—B’" that
are stronger in the h-BN/H;PO, system because of the
lower acidity of H;PO,.>

There are hydrogen-bonding interactions between acidic
OH groups and the nitrogen atoms of the sheets. Acid
molecules also dissociate with partial protonation of
nitrogen atoms in the BN layers. This appears more
pronounced in h-BN/H,SO,, consistent with the higher
acidity of H,SO,.

There are two or more chemical environments for the
acid molecules. The inequivalency may result from the
presence of both adsorbed and intercalated acid
molecules and/or different bonding interactions within
the galleries.

In terms of theory and simulation, the precise equilibrium
geometry and free energy balance of the intercalant system is a
complex issue, due to the large, low-symmetry nature of the
intercalant species, the unknown areal intercalant density, the
possible role of residual water, and the free energy
contributions from configurational entropy within the h-BN
galleries and (for the purposes of establishing chemical
potentials) the residual ambient solution. Often, experimental
intercalant structures for such complex intercalants are
disordered. Thus, we focus the calculations instead on
thoroughly characterizing the range of possible intercalant
geometries and thereby determine the favored generic local
bonding interactions between the H;PO, intercalant and the h-
BN host, ie., those that presumably drive intercalation. We
follow a two-stage simulation strategy, beginning with a wide-
ranging structural optimization at the level of empirical
potentials (the ReaxFF reactive force field®*) and then
investigating key structures identified by this optimization in
more detail at the density functional level.

We extensively searched the possible orientations of a single
H;PO, molecule inside an 8 X 8 h-BN supercell by inserting
H,;PO, molecules at the midplane of a dilated h-BN gallery at
random lateral positions and random molecular orientations.
These initial geometries were briefly annealed and then relaxed
into a local minimum, as described in the Experimental Section.
Only those configurations in the lowest 10% in terms of
binding energy were selected for further analysis; these are all
sufficiently close to degenerate that all would be populated at
room temperature. At the lowest areal density of one acid
molecule per supercell, the H;PO, molecules make an average
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of two hydrogen bonds each to the nitrogen atoms of h-BN
(Figure 8a-1 and 8b-1). A small fraction of the sampled
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Figure 8. (a) Structural model of low-density H;PO, molecules in a 3
X 3 h-BN supercell with periodic boundary conditions, relaxed using
density functional theory. (b) Structure of phosphoric acid inside the
h-BN gallery relaxed using empirical molecular dynamics with ReaxFF:
(1) at a low density of one acid molecule per 8 X 8 BN supercell, (2)
at a density of four H;PO, molecules per supercell the acid molecules
do not yet interact with each other, (3) at a density of nine phosphoric
acid molecules per supercell the average number of PO—H--N
hydrogen bonds per acid molecule is less than two. Acid molecules
start clustering via formation of P—OH:--O=P hydrogen bonds. (c)
Average number of P=OH--'N bonds as a function of the number of
molecules in the supercell. Number of hydrogen bonds was obtained
by counting hydrogen atoms within a cutoff distance from the h-BN
layers. Dashed line has a slope of 2.

T

b,

structures points their P==0 group toward a BN sheet, slightly
favoring the B site, which is consistent with formation of a P=
0:—B dative bond (as described earlier in the discussion of
XPS and vibrational spectra). Panel 2 of Figure 8b shows a
typical outcome for an areal density of four H;PO, molecules
per supercell, showing the predominance of —OH---N hydro-
gen bonds and a slight admixture of P==0:—B interactions. At
the highest phosphoric acid concentrations, the average number
of —OH---N hydrogen bonds per acid molecule decreases as the
acid molecules cluster via formation of —OH:--O==P hydrogen
bonds (Figure 8b, 3). Figure 8c depicts this trend in hydrogen
bonding with intercalant density. When the areal density of acid
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molecules approaches that for crystalline solid H;PO, packed
into a similar gallery volume (approximately 16 acid molecules
per supercell), hydrogen bonding is dominated by those
between acid molecules.

To characterize acid—BN interaction at a more quantitative
level, selected molecular orientations from the ReaxFF analysis
were chosen for study within density functional theory (DFT)
using a single H;PO, molecule within a 3 X 3 bilayer h-BN
supercell. This simplified unit cell clarifies analysis, at the cost
of not describing more complex multi-intercalant clustering or
sheet-crossing interactions. Initial structures were obtained
from force-field-relaxed structures: four samples with hydrogen
bonding to the BN layers and three samples with the oxygen in
the P=0O group close to the BN sheets. Calculations were
performed in both the local density approximation and the
generalized gradient approximation. All initial structures with
hydrogen bonding to the h-BN sheet preserved this geometry
upon relaxation within DFT (Figure 8a provides a
representative example, showing two hydrogen bonds to N),
but initial structures with P—=0O coordination suffered diverse
fates: they preserved this geometry (with a preference for P=0
sitting underneath B), but within the generalized gradient
approximation (GGA) these systems relaxed to geometries
more characteristic of hydrogen bonding. Considering the
countervailing weaknesses of each method (the local density
approximation (LDA) overestimates hydrogen-bond strength,
whereas GGA underestimates certain nonbonded interactions),
these outcomes are consistent with hydrogen bonding as the
most important intercalant—host interaction with P—=0:—B
dative bonding playing a more minor role. It is possible that
P=0:—B bonding interaction becomes more prevalent at
higher intercalant densities, where acid—acid interactions
become more important. The expanded ¢ axis across the four
hydrogen-bonded structures is 7.4—7.6 A within LDA, which is
consistent with the experimentally measured interlayer spacing
of 7.4 A. This agreement is encouraging, but one should not
read too much into it, since the areal density of intercalant
molecules in the stage-1 compounds is not known precisely.

Plausible Mechanism of h-BN Intercalation with
Acids. The experimentally established steps of the redox-
driven intercalation reactions of graphite and layered metal
dichalcogenides are®®®® (i) guest molecules adsorb on and
transfer charge to the basal planes facilitating opening of the
outer gallery, (ii) guests penetrate into the outermost interlayer
galleries and activate the second (and successively other)
outermost host layers, (iii) intercalation cascades from the
edges of the outermost galleries into the bulk, (iv) the guest
continues to diffuse into the host galleries until equilibrium is
reached. Steps (i) and most likely (ii) are independent of guest
concentration over a wide concentration range.63 In contrast
step (iii) occurs only after the guest concentration increases to
a threshold value. The bulk intercalation compound appears
after step (iii) as reflected in the XRD pattern.

Assuming a similar sequence of events for h-BN intercalation,
but driven by acid—base rather than electron transfer reactions,
one might also expect a concentration (or activity) threshold
for formation of the intercalation compound in step (iii).
However, the onset of bulk intercalation appears to be more
complex in this case. Thermal analysis and FTIR data (see
Supporting Information) show that 85% phosphoric acid
initially dehydrates and maintains a constant composition
(95.5% H,PO,) as long as the liquid phase is present in the wet
h-BN film at the temperature of the intercalation reaction (120
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°C). However, XRD patterns show no evidence of intercalation
as long as excess liquid is present, and the intercalation
compound appears only upon heating to dryness. This suggests
that the acid molecules in the liquid phase cannot initiate
intercalation, because of either kinetic or thermodynamic
limitations, and that adsorbed acid molecules, or perhaps
small clusters of molecules that are not part of the extensively
hydrogen-bonded liquid, are the species that actually open and
enter the h-BN galleries.

B CONCLUSIONS

Thermal drying of suspensions of h-BN with sulfuric,
perchloric, and phosphoric acids results in nonoxidative
intercalation to form stage-1 compounds. The reaction is
reversible, which is typical for intercalation of layered materials,
and implies that no irreversible covalent bonds form to the BN
layers. Reversible thermal hydration/dehydration of the guest
species is the most likely reason for the reversible structural
changes that occur.

XPS, vibrational spectroscopy, and thermal analysis data,
together with DFT and molecular dynamics calculations,
support a structural picture in which polar interactions between
the guest molecules and the sheets drive the intercalation
reaction. Specifically, there is evidence of interactions between
>P(S)=0 groups and boron atoms and between P(S)—OH
groups and nitrogen atoms.

Under the conditions of our experiments with polydisperse
h-BN powder, the intact h-BN phase is present in the system
regardless of the h-BN/acid molar ratio and the yield of the
intercalated phase depends on the fraction of smaller h-BN
particles. This tendency has also been observed in the
intercalation of graphite and transition metal dichalogenides.

B EXPERIMENTAL SECTION

Materials. Boron nitride was purchased from UK Abrasives Inc.
and used without any additional treatment. XRD, XPS, and FESEM
data obtained for the starting powder are consistent with a pure h-BN
phase composed of polydisperse (from <1 to >10 ym) good-quality
crystals. No impurities were found. All acids, H,SO,—SO; (20%),
H,PO, (85%), HCIO, (70%), HCl, HNO,, CH,COOH, HCOOH,
and C4H;SO3H, were commercial products of the highest available
concentration and used as purchased. C¢H;SO;H was used as 2.7 M
aqueous solution.

Synthesis. A 70—200 mg amount of h-BN was added to 0.5—1 mL
of acid in a glass vial, stirred with a glass stick, and allowed to settle.
Excess acid (required to ensure complete wetting of the BN powder)
was then decanted away. A drop of the remaining thick h-BN/acid
suspension was cast on a glass or Si wafer and dried in air at a given
temperature. For each acid, the drying temperature was chosen below
its decomposition point but was high enough to enable drying within a
reasonable period of time. h-BN suspensions with HCl, HNO;,
CH;COOH, and HCOOH were dried at 25—40 °C and that with aq
CsHSO3H at 10S °C in vacuum. The range of drying temperatures for
the h-BN suspensions with H,SO, and H;PO, is shown in Table SI,
Supporting Information.

Characterization. As-prepared films were characterized by X-ray
diffraction (XRD (Philips X'Pert MPD, Cu Ka radiation)), trans-
mission electron microscopy (TEM), selected area electron diffraction
(SAED, JEOL 1200 EXII, accelerating voltage 80 kV), and X-ray
photoelectron spectroscopy (XPS, Kratos Analytical Axis Ultra, Al KR
X-ray source). Spectra were acquired with a Kratos Axis Ultra using
monochromatic Al Ka X-rays. Analysis chamber pressures were in the
mid-107® Torr range during measurements. Pass energy was set at 20
eV, and step size was 0.1 eV for high-resolution scans. The high-
resolutions scan dwell time was varied from 1000 to 2000 ms
depending on the peak intensity. Under these conditions the P 2p
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doublet is represented as a single peak. XPS spectra were charge
referenced to Cls at 285 eV. Micro-Raman spectroscopy used a
Renishaw inVia confocal microscope-based Raman spectrometer with
a laser excitation wavelength of 514.5 nm and laser spot ~1 pm in
diameter. Field emission scanning electron microscopy (FESEM) and
energy-dispersive spectroscopy (EDS) were performed in low-vacuum
mode using lacey carbon grids as substrates (FEI NanoSEM 630
FESEM, accelerating voltage S kV). Thermogravimetric (TG, 2050/
Balzers ThermoStar 1—300 amu Mass Spectrometer) and differential
thermal analyses (DTA, SDT 2960) were performed in Ar flow at a
heating rate of 10 °C/min. Fourier transform infrared spectra (FT-IR)
were collected in the transmittance mode with a Hyperion 3000 FT-IR
Microscope. Scan area was 0.1 X 0.1 mm? A thin sample layer was
deposited on a Si(100) substrate, which was kept at the temperature of
synthesis (120—130 °C) to prevent water absorption during analysis.
Attenuated total reflectance (ATR) spectra were collected with a
diamond crystal with a 80 ym diameter contact surface.

Empirical Force Field and Density Functional Theory
Modeling. Molecular dynamics annealing and relaxation were
performed with the ReaxFF Reactive Force Field.®* Parameters for
H, O, C, and N atoms were taken from ref 65, phosphate parameters
from refs 66 and 67, and B and N parameters from refs 68 and 69.
Initial structures were composed of stacked h-BN layers separated by
7.5 A and H;PO, molecules distributed in between at varying
densities, with their centers of mass fixed at the midplane of the
galleries with random lateral positions and a uniform distribution of
orientations. There were two h-BN layers in the 8 X 8 supercell with
periodic boundary conditions. Seven areal densities of acid molecules
were simulated, ranging from 1 to 16 acid molecules per 8 X 8
supercell. At the lowest areal density, SO0 samples were generated (for
better statistics to compare with density functional theory). At higher
areal densities 100 initial structures were generated, followed by a brief
nonreactive relaxation to remove unphysical overlaps between atoms.
Samples were then annealed briefly at constant pressure starting at 800
K and cooled to 0 K within 2 ps, followed by a local structural
relaxation including cell relaxation. The 500 relaxed samples with
lowest acid molecule density (one per 8 X 8 supercell) were then
examined to classify the acid molecule structure into two categories:
those that were connected to the upper and lower BN sheets via at
least one hydrogen bond on each side, and those that exposed the
oxygen atom in the P=0 group to BN. The 10 samples with the
lowest energies at each density were analyzed further to characterize
the density dependence of the hydrogen-bond distribution.

Density functional theory calculations were performed with the
local density approximation (LDA) for the exchange-correlation
functional as parametrized by Perdew and Zunger’® and the
generalized gradient approximation (GGA) functional parametrized
by Perdew et al””* using projector-augmented wave (PAW)
potentials,”>”* as im6plemented by the Vienna Ab-initio Simulation
Package (VASP).”>7® Structural relaxations were performed with a k-
point grid converged up to 4 X 4 X 2, with an electronic loop
convergence threshold of 1077 eV. Energy cutoff for the plane wave
expansion was set to 400 eV, and ionic forces were converged to 0.01
eV/A. The h-BN host lattice was preconverged without the
phosphoric acid intercalant to remove pressure in the BN plane. To
simplify analysis, structures with phosphoric acid intercalated between
a 3 X 3 bilayer h-BN supercell were separated by 13 A of vacuum in
the direction perpendicular to the h-BN layers to eliminate interlayer
interaction with periodic images and then relaxed with fixed cell
parameters.

B ASSOCIATED CONTENT

© Supporting Information

Crystallographic data for BN intercalation compounds, thermal
gravimetric data, Raman spectra, and infrared spectra. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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