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Boron nitride is a chemical compound with chemical formula BN, consistihgqual numbers of

. T . - ) . Boron nitride
boron and nitrogen atoms. BN is isoelectronic to a similattyctured carbon lattice and thus exists

in various crystalline forms. The hexagonal form corresfiog to graphite is the most stable and o~ PN

softest among BN polymorphs, and is therefore used as aarirand an additive to cosmetic ¥ o 5 1"

products. The cubic (sphalerite structure) variety armiego diamond is called c-BN. Its hardness 5 e

is inferior only to diamond, but its thermal and chemicabsity is superior. The rare wurtzite BN % R 3

modification is similar to lonsdaleite and may even be hatden the cubic form. ' ;‘: |

Because of excellent thermal and chemical stability, baitide ceramics are traditionally used as : :

parts of high-temperature equipment. Boron nitride hasmi@t! use in nanotechnology. Nanotubes IUI;AC —=
name

of BN can be produced that have a structure similar to thatdfan nanotubes, i.e. graphene (or

BN) sheets rolled on themselves, but the properties arediffgyent. Boron nitride

Identifiers
Contents CAS number 10043-11-5
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Molar mass 1
. " 24.82 g mol
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5 Aoplicati Appearance Colorless crystals
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« 5.1 Hexagonal BN Density 2.1 (hBN); 3.45 (cBN) g/crh
' Melting point 2,973 °C (5,383 °F; 3,246 K)

= 5.2 Cubic boron nitride
= 5.3 Amorphous boron nitride

sublimates (cBN)

Solubility in water | insoluble

= 6 Other forms of boron nitride Electron mobility 200 cn?/(v-s) (cBN)

* 6.1 Boron nitride nanomesh Refractive index 1.8 (hBN); 2.1 (cBN)

= 6.2 Boron nitride nanotubes (np)
= 6.3 Composites containing BN SR
= 7 Health issues Crystal structure | hexagonal, sphalerite, wurtzite
= 8 See also Thermochemistry
= 9 Notes and references Specific 19.7 J/K mol
= 10 External links heat capacitf
Std molar 14.77 J/K mol
entropyS’, oo
Structure

Std enthalpy of -250.91 kJ/mol

o o
Boron nitride has been produced in an amorphous (a-BN) arstiatiine forms. The most stable ~"MationAH 56

crystalline form is the hexagonal one, also called h-BNBN, or g-BN (graphitic BN). It has a Gibbs free energy -226.8 kd/mol
layered structure similar to graphite. Within each layerdm and nitrogen atoms are bound by AG

strong covalent bonds, whereas the layers are held togegheeak van der Waals forces. The Hazards
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interlayer "registry” of these sheets differs, howeveasnfithe pattern seen for graphite, because the
atoms are eclipsed, with boron atoms lying over and abovegah atoms. This registry reflects the |[EU classification x Xi
polarity of the B-N bonds. Still, h-BN and graphite are velyse neighbors and even the BC

R-phrases R36/37
hybrids have been synthesized where carbon substitutestive B and N atorrs! S-phrases 526,536
As diamond is less stable than graphite, cubic BN is lesdestabn h-BN, but the conversion rate NP gl 0
between those forms is negligible at room temperature fdd@ diamond). The cubic form has the 0 0
sphalerite crystal structure, the same as that of diamantiisaalso calle@-BN or c-BN. The
wurtzite BN form (w-BN) has the same structure as lonsdajeitrare hexagonal polymorph of Related compounds

carbon. In both c-BN and w-BN boron and nitrogen atoms arapgd into tetrahedra, but the angle&elated compound’ Boron arsenide

between neighboring tetrahedra are diffeféht.
Boron carbide

Boron phosphide
Boron trioxide

Except where noted otherwise, data are given for
materials in their standard state (at 25 °C (77 °F),
100 kPa)

 (verify) (what is:v/x?)
Infobox references

B-BN, sphalerite
structure

a-BN, hexagonal BN, wurtzite structure

Properties

Physical

Properties of amorphous and crystalline BN, graphite and damond.
Some properties of h-BN and graphite differ within the basalplanes (||) and perpendicular to them (&)

Material a-BN h-BN c-BN | w-BN graphite diamond
Density (g/cn?) 228 ~2.1 345 349 -~21 3.515
Mohs hardness 1-2 9.5-10~17d3 1-2 10
Knoop hardness (GPa) 10 45 34 100
Bulk modulus (GPa) 100 |36.5 400 | 400 34 440
Thermal conductivity (W/m.K) 3 600||; 301 740 200-200f{); 2-806L  600-2000
Thermal expansion (10%/°C) -27);38L 12 27 -1.4; 251 0.8
Bandgap (eV) 5.05 5.2 6.4 45550 5.5
Refractive index 1.7 /1.8 21 2.05 2.4
Magnetic susceptibility (pemu/gf“] -0.48||; -17.3L -0.2..-2.7|; -20..-28L -1.6

Sources: amorphous BRG] crystalline BNIEIC] graphite[lo] diamond!®}

The partly ionic structure of BN layers in h-BN reduces cevaly and electrical conductivity, whereas the interlapégriaction increases resulting in
higher hardness of h-BN relative to graphite. The reducedtain-delocalization in hexagonal-BN is also indicatgdtd absence of color and a large
band gap. Very different bonding — strong covalent withia fasal planes (planes where boron and nitrogen atoms aatently bonded) and weak
between them — causes high anisotropy of most propertiesB®.h

For example, the hardness, electrical and thermal condlycire much higher within the planes than perpendiculdhéon. On the contrary, the
properties of c-BN and w-BN are more homogeneous and isiotrop

Those materials are extremely hard, with the hardness &fdBIN being slightly smaller and w-BN even higher than thadiamond!*!!

Polycrystalline c-BN with grain sizes on the order of 10 snaliso reported to have Vickers hardness comparable orrighe diamond*? Because

of much better stability to heat and metals, c-BN surpasgesahd in mechanical applicatioﬂ’g.] The thermal conductivity of BN is among the
highest of all electric insulators (see table).
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Boron nitride can be doped p-type with Be and n-type with hosuilfur, silicon or if co-doped with carbon and nitrod@rBoth hexagonal and cubic

BN are wide-gap semiconductors with a band gap energy qmnekng to the UV region. If voltage is applied to h-BNIS or c-BN 28] then it
emits UV light in the range 215-250 nm and therefore canmiatéy be used as light emitting diodes (LEDs) or lasers.

Little is known on melting behavior of boron nitride. It sibhtes at 2973 °C at normal pressure releasing nitrogeamgaboron, but melts at elevated
pressurém[w]

Thermal stability

Hexagonal and cubic (and probably w-BN) BN show remarkabtntcal and thermal stabilities. For example, h-BN is stdbldecomposition at
temperatures up to 1000 °C in air, 1400 °C in vacuum, an@ 280n an inert atmosphere. The reactivity of h-BN and c-BNKelatively similar, and
the data for c-BN are summarized in the table below.

Reactivity of c-BN with solidsl®!

Solid Ambient Action Threshold T (°C)
Mo 102 Pa vacuunreaction 1360
Ni 1072 Pa vacuum wettirig®! 1360
Fe, Ni, Co argon react 1400-1500
Al 1072 pa vacuumwetting and reaction 1050
Si 1023 Pa vacuumwetting 1500
Cu, Ag, Au, Ga, In, Ge, Sno 3 Pa vacuumo wetting 1100
B no wetting 2200
Al,O5 + B,04 1072 Pa vacuumho reaction 1360

Thermal stability of c-BN can be summarized as folldfls:

= In air or oxygen: BO; protective layer prevents further oxidation to ~1300 °@gonversion to hexagonal form at 1400 °C.
= |In nitrogen: some conversion to h-BN at 1525 °C after 12 h.

= [n vacuum (105 Pa): conversion to h-BN at 1550-1600 °C.

Chemical stability

Boron nitride is insoluble in usual acids, but is soluble likaéine molten salts and nitrides, such as LiOH, KOH, NaOB;BI0;, NaNQ;, Li3N,
Mg3N,, SN, BagN, or Li;BN,, which are therefore used to etch Bl

Thermal conductivity

The theoretical thermal conductivity of hexagonal Boramigé nanoribbons (BNNRs) can approach 1700-2000 W/(mwKich has the same order

of magnitude as the experimental measured value for graplaenl can be comparable to the theoretical calculatiorgréghene nanoribborl?1]
Moreover, the thermal transport in the BNNRs is anisotroplee thermal conductivity of zigzag-edged BNNRs is abodt2arger than that of

armchair-edged nanoribbons at room tempere{ﬁ?}e.

Natural occurrence
In 2009 a naturally occurring boron nitride mineral (propd®ame Qingsongite) was reported in Tibet. The substansdouad in dispersed

micrometer-sized inclusions of gingsongite (c-BN) in ahiem-rich rocks in Tibet. In 2013, the International Minkrgical Association affirmed the
mineral and the namig3I24!
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Synthesis

Preparation and reactivity of hexagonal BN

Boron nitride is produced synthetically. Hexagonal boritride is obtained by the reacting boron trioxide,(8,) or boric acid (B(OH})) with

ammonia (NH) or urea (CO(NH),) in a nitrogen atmosphel[é‘f’]

B,O3 + 2 NH; — 2 BN + 3 H,0 (T = 900 °C)

B(OH); + NH; — BN + 3 H,0 (T =900 °C)

B,O; + CO(NH,), — 2 BN + CQ, + 2 H,0 (T > 1000 °C)
B,O; + 3 CaB; + 10 N, — 20 BN + 3 CaO (T > 1500 °C)

The resulting disordered (amorphous) boron nitride casta?—95% BN and 5-8%.,8),. The remaining BO; can be evaporated in a second step at

temperatures > 1500 °C in order to achieve BN concentrat®®¥%6: Such annealing also crystallizes BN, the size of thstaliites increasing with the
annealing temperatu%a.][%]

h-BN parts can be fabricated inexpensively by hot-pressiitly subsequent machining. The parts are made from borddenppowders adding boron
oxide for better compressibility. Thin films of boron nde can be obtained by chemical vapor deposition from borohnlaride and nitrogen

precursorsw] Combustion of boron powder in nitrogen plasma at 5500 °@lgialtrafine boron nitride used for lubricants and torlé?s.

Boron nitride reacts with iodine fluoride in trichloroflummethane at —30 °C to produce an extremely sensitive cbexgplosive, Ni, in low yield.[zg]

Boron nitride reacts with nitrides of alkali metals and tzartides to form nitridoborate compourﬁi@.For example:

Li N + BN — LisBN,

Intercalation of hexagonal BN

Similar to graphite, various molecules, such asﬁtq or alkali metald>? can be intercalated into hexagonal boron nitride, tha
is inserted between its layers. Both experiment and thamgest the intercalation is much more difficult for BN tham f
graphite[.33]

Preparation of cubic BN Structure of

hexagonal boron
Synthesis of c-BN uses same methods as that of diamond: Galoa nitride is produced by treating hexagonal borond®tri  itride intercalated

at high pressure and temperature, much as synthetic diaimg@ndduced from graphite. Direct conversion of hexagowabb with potassium
nitride to the cubic form has been observed at pressuresbettvand 18 GPa and temperatures between 1730 and 3230 "C,(B N,K)
44

that is similar parameters as for direct graphite-diamarm/ersior{?“] The addition of a small amount of boron oxide can
lower the required pressure to 4—7 GPa and temperaturdd®°I5 As in diamond synthesis, to further reduce the caioer
pressures and temperatures, a catalyst is added, suchias)ipotassium, or magnesium, their nitrides, their ftumgtrides, water with ammonium

compounds, or hydrazir{é‘r?][%] Other industrial synthesis methods, again borrowed framdnd growth, use crystal growth in a temperature
gradient, or explosive shock wave. The shock wave methosied to produce material called heterodiamond, a superloangaund of boron, carbon,

and nitroger{.37]

Low-pressure deposition of thin films of cubic boron nitriid possible. As in diamond growth, the major problem is fpsess the growth of
hexagonal phases (h-BN or graphite, respectively). Wisdrediamond growth this is achieved by adding hydrogen gamrtrifluoride is used for c-
BN. lon beam deposition, plasma-enhanced chemical vagasitéon, pulsed laser deposition, reactive sputtering,@her physical vapor deposition

methods are used as wif]

Preparation of wurtzite BN

Wourtzite BN can be obtained via static high-pressure or dyoahock method$® The limits of its stability are not well defined. Both c-BNdua-
BN are formed by compressing h-BN, but formation of w-BN ascat much lower temperatures close to 1706°%€.
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Production statistics

Whereas the production and consumption figures for the raterials used for BN synthesis, namely boric acid and batoritie, are well known
(see boron), the corresponding numbers for the boron aitiid not listed in statistical reports. An estimate for th@9world production is 300 to 350
metric tons. The major producers and consumers of BN aréddda the United States, Japan, China and Germany. In 2@@@spraried from about

$75/kg to $120/kg for standard industrial-quality h-BN amere about up to $200-$400/kg for high purity BN gragéls.

Applications

Hexagonal BN

Hexagonal BN is the most widely used polymorph. It is a godutitant at both low and high temperatures (up to 900 °C, @vem
oxidizing atmosphere). h-BN lubricant is particularly fidevhen the electrical conductivity or chemical reactitf graphite
(alternative lubricant) would be problematic. Another adtage of h-BN over graphite is that its lubricity does ngies water or
gas molecules trapped between the layers. Therefore, hiBfichnts can be used even in vacuum, e.g. in space apptisafihe

lubricating properties of fine-grained h-BN are used innsesics, paints, dental cements, and pencil 1d3ls. Ceramic BN

crucible
Hexagonal BN was first used in cosmetics around 1940 in Jdpanever, because of its high price, h-BN was soon abandfoned

this application. Its use was revitalized in the late 1990k tihhe optimization h-BN production processes, and culydnBN is used
by nearly all leading producers of cosmetic products fonftations, make-up, eye shadows, blushers, kohl pengiftidks and other skincare

products[.13]

Because of its excellent thermal and chemical stabilitypbaitride ceramics are traditionally used as parts of tiéghperature equipment. h-BN can
be included in ceramics, alloys, resins, plastics, ruhtzard other materials, giving them self-lubricating prajgs: Such materials are suitable for

construction of e.g. bearings and in steelmalHﬁbPlastics filled with BN have less thermal expansion as wehigher thermal conductivity and
electrical resistivity. Due to its excellent dielectriccathermal properties, BN is used in electronics e.g. as a@maibgor semiconductors, microwave-

transparent windows, and as a structural material for s

Hexagonal BN is used in xerographic process and laser psiatea charge leakage barrier layer of the photo dfdhin the automotive industry, h-
BN mixed with a binder (boron oxide) is used for sealing oxygensors, which provide feedback for adjusting fuel flote binder utilizes the

unique temperature stability and insulating propertiels-8N 3]

Parts can be made of h-BN by hot pressing. Union Carbide Catipa produces three grades of BN. HBN, with boron oxidelbmusable to 550—
850 °C in oxidizing atmosphere and up to 1600 °C in vacuwngdioe to the boron oxide content is sensitive to water. HBEs wslcium borate binder

and is usable at 1600 °C. HBC grade uses no binder and careti¢ai3000 o

Cubic boron nitride

Cubic boron nitride (CBN or c-BN) is widely used as an abra¥¥! its usefulness arises from its insolubility in iron, nickahd related alloys at high
temperatures, whereas diamond is soluble in these metgilestcarbides. Polycrystalline c-BN (PCBN) abrasives hezdfore used for machining
steel, whereas diamond abrasives are preferred for alumatloys, ceramics, and stone. When in contact with oxygédmiggit temperatures, BN forms
a passivation layer of boron oxide. Boron nitride binds wéth metals, due to formation of interlayers of metal bosiae nitrides. Materials with

cubic boron nitride crystals are often used in the tool hitsuiting tools. For grinding applications, softer bindexsgy. resin, porous ceramics, and soft
metals, are used. Ceramic binders can be used as well. Caemhpmoducts are known under names "Borazon" (by Diamondvations), and

"Elbor" or "Cubonite" (by Russian vendors). Similar to diamd, the combination in c-BN of highest thermal condugfieihd electrical resistivity is
ideal for heat spreaders. Contrary to diamond, large c-BMtgean be produced in a simple process (called sintedhghnealing c-BN powders in
nitrogen flow at temperatures slightly below the BN decosifian temperature. This ability of c-BN and h-BN powdersuse allows cheap

production of large BN part@.g]

As cubic boron nitride consists of light atoms and is veryusitchemically and mechanically, it is one of the popularemals for X-ray membranes:
low mass results in small X-ray absorption, and good meciaproperties allow usage of thin membranes, thus furtbducing the absorptidﬁ‘.‘]

Amorphous boron nitride

Layers of amorphous boron nitride (a-BN) are used in somecsgmuctor devices, e.g. MISFETs. They can be prepared émital decomposition
of trichloroborazine with caesium, or by thermal chemicgbor deposition methods. Thermal CVD can be also used farsitegn of h-BN layers, or

at high temperatures, c-BKP]
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Other forms of boron nitride

Boron nitride nanomesh

— Boron nitride nanomesh is a nanostructured two-dimensioagerial. It consists of a
single BN layer, which forms by self-assembly a highly reguhesh after high-

temperature exposure of a clean rhoditiror rutheniunk*) surface to borazine under
ultra-high vacuum. The nanomesh looks like an assembly xdidmanal pores. The
distance between 2 pore centers is 3.2 nm and the pore draine2 nm.

The boron nitride nanomesh is not only stable to decomjositnder vacuurif® air
48] and some quuid&“,g][m] but also up to temperatures of 800 l8.In addition, it

- : shows the extraordinary ability to trap molecifsand metallic clustef&” which
BN nanomesh observed by = have similar sizes to the nanomesh pores, forming a wedivedlarray. These Perspective view of
scanning tunneling characteristics promise interesting applications of tlweamesh in areas like catalysis, nanomesh (structure ends at
microscope. The center of surface functionalisation, spintronics, quantum comquéind data storage media like  the back of the figure)

each ring corresponds to the  hard drived®!

center of the pores

Boron nitride nanotubes

Boron nitride nanotubes were predicted in 188kand experimentally discovered in 1988! They can be imagined as a rolled up sheet of boron
nitride. Structurally, it is a close analog of the carbonatabe, namely a long cylinder with diameter of several todred nanometers and length of
many micrometers, except carbon atoms are alternatelyisued by nitrogen and boron atoms. However, the propedféBN nanotubes are very
different: whereas carbon nanotubes can be metallic orcegructing depending on the rolling direction and radiuBNananotube is an electrical

insulator with a bandgap of ~5.5 eV, basically independéntfee chirality and morpholog&?.“] In addition, a layered BN structure is much more
thermally and chemically stable than a graphitic carboncstrel>°156]

All well-established techniques of carbon nanotube groatich as arc-discharé%a,][m laser ablatio?®I°® and chemical vapor depositié‘??,] are
used to synthesize BN nanotubes. BN nanotubes can also thegeid by ball milling of amorphous boron, mixed with a cag&lyjron powder, under

NH,; atmosphere. Subsequent annealing at ~1100 °C in nitrégenransforms most of the product into gRHG2]

Electrical and field emission properties of such nanotudagsbe tuned by doping with gold atoms via sputtering of goldhe nanotubel§ 3]
Doping rare-earth atoms of europium turns a BN nanotubeambosphor material emitting visible light under electranitation (%7 Quantum dots
formed from 3-nanometer gold particles spaced across thetmiaes exhibit the properties of field-effect transistar room temperaturlg‘.‘]

Like BN fibers, boron nitride nanotubes show promise fooapace applications where integration of boron and in @aéi the light isotope of boron

(1OB) into structural materials improves their radiationedtling properties; the improvement is due to strong neatsorption by108. Such'%BN
materials are of particular theoretical value as compasitectural materials in future manned interplanetary epeaft, where absorption-shielding

from cosmic ray spallation neutrons is expected to be aqudati asset in light construction materi&id.
Composites containing BN
Addition of boron nitride to silicon nitride ceramics impes the thermal shock resistance of the resulting matéwealthe same purpose, BN is added

also to silicon nitride-alumina and titanium nitride-alima ceramics. Other materials being reinforced with BNudel alumina and zirconia,
borosilicate glasses, glass ceramics, enamels, and cdaempesamics with titanium boride-boron nitride, titanilroride-aluminium nitride-boron

nitride, and silicon carbide-boron nitride composit@ﬂ.

Health issues

Boron nitride (along with SN, NbN, and BNC) is reported to show weak fibrogenic activitg@ause pneumoconiosis. The maximum concentratio

recommended for nitrides of nonmetals is 10 m’gftm BN and 4 for AIN or ZrNE!

See also
= Beta carbon nitride = Superhard materials = Graphene
= Boron suboxide = Wide bandgap semiconductors
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