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Chapter 15 The carbon

family elements

Carbon (C) Silicon (Si)

Germanium (Ge) Stannum (Sn)
Tin

Plumbum (PDb)
Lead
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carbon | silicon | germanium tin lead
zﬁtrl]i?;ueri?grt]ron 25°2p® | 3s°3p® |  4s*4p’ 5s°5p° | 65°6p°
Atomic number 6 14 32 50 82
Covalent 77 118 122 141 154
radius/pm
ionic radius | M** - - 73 93 120
/pm M* 16 42 53 71 84
11/kJ » mol™ 1086 787 762 709 716
12/kJ = mol™ 2353 4 1577 1537 1412 1450
13/kJ » mol™ 4621 3232 3302 2943 3081
14/kJ » mol™ 6223 4356 4410 3930 4083
Electronegativity 2.55 1.90 2.01 1.96(1V) | 2.33(1V)
(pauling) 1.80(11) | 1.87(ll)
E(x-x) (kJ * mol™) | 345.6 222 188 146.4 -
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3.51 (W)
[7/3 C 0.077 0, +2, +4 ] 4 3550 4827
. 2.25 (7i%)
fik Si 0.117 0, +2, +4 [ 4 2.33 1410 2355
§i7 Ge 0.122 0, +2, +4 [ f¢ 5.35 9374 2830
% Sn 0.141 0, +2, +4 [k 7.28 231.9 2260
Y Pb 0.175 0, +2, +4 [ 44 11.34 3275 1740
clear (diamond) & black (graphite)
C SN silvery (left, beta) or gray (right, alpha)
e l.r - = - & . [ PSS | 1
Grayish-white \ e ¥ i ’ : 4 3R,

Metallic gray

A 12 gram (2x3 cm) polycrystalline block of Ge with uneven
cleaved surfaces
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§ 15-1 Carbon and its compounds

FE: UL MR e T RS2 1 (FE e i) & B 4

0.027% ) . BREFUR T AJGRFFRIAH, BRI — R5MLEY

HREAMPIRA . EWIENKZE G TS HHRITE

BIALE: EHERA BRI R, W12 E M & & 598.93%, m13NA

1.07%. CHIEFEHK12. 13WFF RN RFE IR F2E, — Mot St

%%5%0” 122 B bR ERALH e X BERRE, D12 mi2HSHFE R T
NI1PEEIR .

Fi&:

(T AL b, BRI R R RN 32

R YRR LAR A, T DA ARG, K BRLIAN A (il T
BAARE B LRE) |
(DR, o DL i i s o
iILho

W ER TR Ah, &) HI B AR
T T BAMRRIRER, RIS R
BB BRGUKE AR 206 WX UK BRI -

T SR A4 TR S VSRR Py, BTONEA 12 5, SEa T
RN, 11 SR LI A2 SR, L & LB I ] s

HHLA




Carbon cycle

Plants, algae, many bacteria
(Autotrophs) &
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Correlation between the
carbon cycle and formation
of organic compounds
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“EBRAETE” (low-carbon life)
YT

- » N L% e "
. oA ALt A Y e
5 / -‘.‘ B
. 4
"y P

AR B PR B R R R, A TOURIEE, ABIR — SRR,
TR DI AT, R RTA, TR, 5 FE = AT

\rﬁ :ﬁ
- . e L , B S E IR A R S IR
I e ‘ .“Iﬁ " “{ﬂm 7 TA BERESESAF"
T T '{ O M 15 a0 2R K i S0 AR 1S B T 80 )
‘W g .‘ y :/é gy i O miE%F RIS KRBT R )

Q mamBEE B L BIK )
RERENEZE 8 2 BLSEGHT,
SRR i )

Q mmmI A ABRTFHRAENAT )
O EXFEHRBNEN THEEXA emj
W R R 8

-Ca&mﬁsmiﬂﬁ*i@nﬁ% )
L
i, ;
E/M&v

http://www.low-carbon-life.cn/

R LG HEEREEST FrERach Liziel R R LT | B fEk &t Lo
1 [ -~ — | [ ] =




—. General properties
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C—C N—N 0—0 F—F
E (kJ mol™) 374 250 210 159
%2 il HeC—CHs = H,N—NH, HO—OH |
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—~ Simple substance
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E(&Imol™) 494 > 210+210 . 946 > 250+250
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E&mol™ 627 < 374+374
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2. Allotropes (FI&EREAER)

diamond, graphite, fullerene, carbon nanotube, graphene,
graphdiyne, carbin (carbon fibers)

(1) Jﬁ: Scarbin > Sgraphite > Sdiamond
(2) dcc (hm): diamond > graphite > carbin

(3) Cgraphite =C:diamond AH>0 AS<O0

RIEFE, BERE6x10°—1x101%Pa, |
FERBEARTFERES), BERATERZ .
SRR DUEZHNER, RMNEEKLE g+
2000°C , J&ﬂéaﬁfﬁ—ﬁ'ﬁ& EFEERIA o
KI5 es: EERIA ST (seed)ﬁﬁftﬁ?&ﬁ}ég
WEY) (FEimethane, Zftethane) H, °*5 7 23 4 357 8 8w
EEFE3]1000°C ‘Iu{%@@muaﬁ;ﬁj S e ——

Fcrystal whiskers. i
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The carbon family

The most exciting
and amazing side
of carbon
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Fullerene

The most
beautiful side
of carbon

e

The shining
and hard side of

carbon
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Graphite
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The dark,
and tough side
of carbon
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The true but less
explored side of

The common
side of

carbon

soft
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carbon nanotube

graphite

amorphous carbon

diamond
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The system of carbon allotropes spans a

range of EXTIremes

Synthetic nanocrystalline diamond is the hardest

material known.[19]

Diamond is the ultimate abrasive.

Graphite is one of the softest matenals known.

Graphite is a very good lubrnicant, displaying
superlubﬁciw_[m]

Diamond is an excellent electrical insulator.[21] Graphite is a conductor of electricity.[22]

Diamond is the best known naturally occurring Some forms of graphite are used for thermal

thermal conductor

Diamond is highly transparent.

insulation (i.e. firebreaks and heat shields)

Graphite is opaque.

Diamond crystallizes in the cubic system. Graphite crystallizes in the hexagonal system.[23]

Amorphous carbon is completely isotropic.

Carbon nanotubes are among the most anisotropic
materials ever produced.

X P

51-Nobel Prizes!
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matenals that power our world
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¥ News & Events
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# Fullerene Derivatives

» Nanotubes
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Synthetic diamonds: HPHT

The majority of commercially
available synthetic diamonds
are yellow and are produced by
so called High Pressure

High Temperature (HPHT)
processes. The yellow color Synthetic diamonds of various colors &~
: : : .. grown by the high-pressure high-

IS caused by nitrogen IMpPUritiesS.  temperature technique

Other colors may also be

reproduced such as blue, green

or pink
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CVD technique for diamond growth

» The excellent mechanical, thermal, optical
and insulating properties of diamond became
accessible through the advent of low pressure
Chemical Vapour Deposition (CVD)
technigues which allow diamond in the form of
extended films and free-standing wafers to be
fabricated.

» The fundamental problem of diamond
synthesis is the allotropic nature of carbon.
Under ordinary conditions graphite, not
diamond, is the thermodynamically stable
crystalline phase of carbon. Hence, the main
requirement of diamond CVD is to deposit
carbon and simultaneously suppress the
formation of graphitic sp2-bonds. This can be
realized by establishing high concentrations of
non-diamond carbon etchants such as atomic
hydrogen. Usually, those conditions are
achieved by admixing large amounts of
hydrogen to the process gas and by activating
the gas either thermally or by a plasma.

H,, -CH
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// //
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Colorless gem cut from diamond grown - 18

by chemical vapor deposition
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Graphite Intercalation Compounds (GICs)

Ist STAGE 2nd STAGE
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Graphite Intercalation Compoun

Space-filing model of potassium graphite -
KC: (side view)

Structure of CaCs

thyd

ds (GICs)

7
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R#F4E (carbin, carbon fibers)
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EHEIR (Activated carbon, activated

charcoal, activated coal)
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Science 1991, 254, 1706.

Buckyballs: Wide Open Playing

Field for

he roundest, most symmetrical large molecule found so far,

bucknminsterfullerene, continues 1o astonish with
Named for architect R
Buckminster Fuller, who designed a geodesic dome with the same

ne amaz

ing property after another American

fundamental metry, Oy, 1s the third major for

of pure carbon:

te and diamond are the other two

Buckyballs were discovered in 1985—the product of an ¢x

periment on carbon molecules in space—~but it was in 1991 that
buckyball scicnce came into its own, This year scientists flocked to

the buckvball court, entranced by the

solecule’s unusual bonding
behavior, its hollow symmerry, and its amazing clectronic proper

ties. Rarely has one molecule so swiftly opened the door 1o a new
1 g

Id of scic

s scramble to

Papers hit top joumals every week or so; scient
keep up by fax and E-mail, and month-old inforn

ation is probably

out of date

In the past year, propesdy doped Cgy was found 1o be be
s family expanded
o include asymmerrical forms as well as evlindrical fibers nicknamed
nd in
fames, decorated with free radicals, hung with fluorine atoms,

superconducting and magnetic, and the fullerer

buckytubes. In a steady steeam of firsts, fullerences were fo

mflated by carbon rings, and stuffed with meals. With pe

applications in such commercial basics as catalysis and poly:

cnza
tion a5 well as the more distant realms of superconductivity and
ferromagnetism, buckyball may soon become one of industny’s
favorire sports

All-star teams. From the beginning, buckyballs have been the
sport of physicists, materials scientists, and inonganic as well as
organic chemisis: Au first physicists led the way, pointing out the

exceptional electronic properties of the fullerenes, but this year,

with grams of Gy, available, chemists aiso have taken 1o the ficld in

full force, and interdisciplinary teams of scientists are together

exploring the round world of buckyballs.

In the fall of 1990, scicnists found thar heating 2
rod of graphite in a hediom
Cyp Labs around the country beg
bins of buckyballs, sparki
And in July, buckyball g
macke potentially eve

atmosphere produced

N cooking up

an explosion of

rescarchy CSES Was

casier by the discovery

thiat they are found in the soating flanics of

buming benzene. Although Cyg is still rela
tively expensive—at least $2,000 per gram in
puritied form—muany predict that fullenite (the
pure, solid form of C) ultimately will be a bulk
commodity, sold in local chemistry supply stores
for dollars per pound

Marriage of the molecules. Last year, the bril
liance of synthetic diamonds as superhard materials beat out
k
di

BrOW sy

kyvballs for Molecule of the Year. But one shadow dimmed

mond's luster

A polish of diamond itself was often required to

diamond filim tical

expensive-and often imps

Rescarchers
I

ghy ball-shaped fullerenes increased diamond formation by 10

beginning. This year, buckyballs came to the rescuc

coated silicon with €

, then grew diamond on top. Vo

orders of magnitude over the untreated silicon

1706

Chemists

Playing ball in three dimensions. Just how do buckybails
manage

their chemical and physical feats? In Cg, hexagons and
rdinated fashion to form

pentagons of carbon link rogether in a cc
ah

llow, geodesic dome with bonding strains equally distributed

60 carbon atoms. Some of the electrons are delocalized over

amon,
th
workhorse of organic chemistry, benzene. Bur benz

entire molecule, a feature even more pronounced in that
c is flar, and
|

uch

many of its denvatives also t

d 1o stack in flat sheets, Spher
buckyballs lirerally add a new dimension to the chemistry of

aromatic compounds

I'he allure of €. goes beyond the beauty of its symmetrical

ol

shape. First considered a paragon of physical stability, it has tumed

out to be one of the most chemically versatile molecules known,
amed how to
make fullerene derivatives, inflating the Cg, balloon by one or more

T'his year, among other pioneering steps, chemists |

carbons, in some cases still preservi

& its aromatic clectron struc

ture. in the same week. acts as a veritable

was reported that ¢

o

sponge for free radicals, able 1o absorb dozens of these reactive

chemical speaies. Free mdicals with one unpaired electron are

crucial to the economical polymenzation processes, and fullerenc
compounds may one day be useful in such industrial processes

Superballs. A s
fullerite doped with an alkali met

¢ casily accepts electrons, so solid

like potassium forms a stable
compound of the family called fullerides with increasing amounts of

the alkali metal, Some fullerides become chameleons, chinging
from insulator to semiconductor to superconductor and back to
for example, is an insulator, Ki(
superconducror; K C is an insulator. The superconductive prop
in Apnl, the eritical
temperature was 18 K; by November, maybe 45 K, thanks to novel

insulator agan, Pure C isa

ertics have unfolded ar astonishing speed

dop

F Cy and its rugby ball-shaped cousin, C,,, with merals

vs of rubidium, cesium, and thallium
The fullerides can’ ver run in the same league as the
traditionally hot candidates for high-temperature

and all

which have st the superconductive record ar
about 125 K. Bur becanse the fulleri
nals are a much simpler system, the

mate
may
» the still mysterious

offer a window

mechanisms of superconductivity
Magnetic buckys. F
like superconducuvity, remains a mysten

ous electronic property of certain matenals

play magnetic games too. Add an organic redue

mg agent to fullerides and the totally unexpected
it
up to 16 degrees K. The new matcrial won’t stay magnetic

result is a

in the absence of an onrside fiekd, and so in itself may not have
practical applications. But the ongoing quest for an organic ferro

tand abifity to be

magnet, which would be pnzed for its ight wes
8

polymenzed, suddenly broadened its scope to include the fullerencs
Cagey chemistry, For years chemists have been painstakingly

| building molecules with cavitics, and fine-tuning the properties of
| those cavities in order to hold and transfer different atoms and

SCIENCE, VOI 26

TOmagneism,

I'his vear, buckyballs proved that they can 3

Organic ICmonagnet at iCmperarures g

superconductivity, the metallic copper oxides,

SUPEACOU,

PALEA
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The Platonic Polydedra: f=2+e-v

> o608

Tetrahedron Cube Octahedron Dodecahedron  Icosahedron

*Triangles. The interior angle of an equilateral triangle is 60 degrees.

Thus on a regular polyhedron, only 3, 4, or 5 triangles can meet a vertex.

If there were more than 6 their angles would add up to at least 360 degrees
which they can't. Consider the possibilities:

3 triangles meet at each vertex. This gives rise to a Tetrahedron. esmitaan
: . . AEOHAPA, HVIAEP
4 triangles meet at each vertex. This gives rise to an Octahedron. s e e v

MATeMATUE

5 triangles meet at each vertex. This gives rise to an Icosahedron
*Squares. Since the interior angle of a square is 90 degrees, at most £
three squares can meet at a vertex. This is indeed possible and it gives i J,
rise to a hexahedron or cube. LEONHARD EULER 1707-1783

*Pentagons. As in the case of cubes, the only possibility is that three pentagon
meet at a vertex. This gives rise to a Dodecahedron.

*Hexagons or regular polygons with more than six sides cannot form the faces of a
regular polyhedron since their interior angles are at least 120 degrees.
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http://www.mi.sanu.ac.yu/vismath/wertheim/images/wrl/poly011.wrl
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@j )/IJ:\IJRE'::

B Euler’s theorem for fullerenes: F—-E +VV =2
F - faces, E - edges, V —vertices

(1) E = 3V/2 = F+V-2=3V/2 =F=V/2+2

(2) F=p+h=V/2+2
(3) 3V = 5p + 6h (where p and h are number of pentagonal and

hexagonal faces, respectively)

(4) Let (2)x6-(3) = p=12

= h=V/2+2-p =V/2 - 10
V = 2(10 +h)

C20, C24, C28, ..., C60, C70, C2(10+h) ...
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Science | NOW!| 12 10 THE MIRUTE NEWS FROM SCIFNCE

Fullerene Discoverers Win Chemistry Nobel

by Science News 5faff on 8 October 18986, 8:00 PM
The Nobel Prize in chemistry was awarded today to two Americans and one British

researcher for their discovery of fullerenes, a new class of all-carbon molecules
shaped like hollow balls.

The researchers, Richard E. Smalley and Robert F. Curl Jr. of Rice University in
Houston, and Harold W. Kroto of the University of Sussex in Brighton, United
Kingdom, made their discovery in 1985 in Smalley's lab at Rice while working
together to study how carbon atoms cluster.

"The award is richly deserved," says Robert Haddon, a fullerene chemist at Lucent
Technologies' Bell Labs in Murray Hill, New Jersey. "It led to a totally new field of
chemistry." Today, fullerenes--which are popularly known as buckyballs--are being
investigated for everything from new superconductors and three-dimensional
polymers, to catalysts and optical materials, although they have yet to spawn any
commercial applications.

Before the group's discovery, crystalline carbon was thought to adopt only a handful
of different molecular architectures, including those found in diamond and graphite.
But the researchers discovered that sheets of carbon atoms arranged in a pattern of
hexagons and pentagons can curl up and ultimately close to form hollow cages. And
because the number of atoms in the cage can vary, an almost infinite number of

fullerene shapes may exist. 20



2 Nobelprize.org

NOBEL PRIZES ALFRED NOBEL , PRIZE AWARDERS |, MNOMINATION |, PRIZE ANNOUNCEMEN]

By Year | Mobel Prize in Physics ? Nobel Prize in Chemistry =~ MNobel Prize in Medicine ~ Mobe
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Robert F. Curl Jr. Sir Harold W. Kroto Richard E. Smalley
® 1/3 of the prize ® 1/3 of the prize ® 1/3 of the prize
usa United Kingdom Usa

Rice University University of Sussex Rice University
Houston, TX, USA Brighton, United Kingdom Houston, TX, USA

b. 1933 b. 1939 b. 1943

d. 2022 d. 2016 d. 2005
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Discovery of Cg, (Smalley group, Rice Univ.)

162 LETTERSTONATUI{ NATURE VOL. 318 14 NOVEMBER 1985
C,,: Buckminsterfullerene

Fig. 1 A football (in the
United States, a soccerball)

H. W. Kroto', J. R. Heath, S, C. O'Brien, R. F. Curl on Texas grass. The Cg

molecule featured in this
& R. E. Smalley letter is suggested to have

the truncated icosahedral

a er structure  formed by

replacing each vertex on the

seams of such a ball by a
carbon atom.

The Fullerene Discovery Team in front of Space .
Science Building at Rice University. Shown from Vapor zalion [aser
left to right: Sean O’Brien, Richard Smalley, Robert
Curl, Harry Kroto and James Heath.

m‘m W 5 - o
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52 60 68 76 B84 Rotating graphite Cisk
Mo, ol carbon atoms per cluster — (KrOtO et al., Nature 1985, 318, 162) 32
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Detection of Cgy and C;; in a Young
Planetary Nebula

Jan Cami,?* Jeronimo Bernard-Salas,>* Els Peeters,*? Sarah Elizabeth Malek®

- »

J. Cagi et al Sclence, 2010, 329, 1180,



Symmetry and stability

 EULER’S polyhedron theorem (ca. 1750):

vertices + faces — edges = 2

— For a closed cage, always 12 A\
pentagons needed =
_ Isolated-Pentagon-Rule
* Pentagons determines the curvature s FLIEER” B
of the surface
(adjacent pentagons are not stable, Stable fullerene !

too much bending !)

- Cgo: the smallest stable fullerene
“isolated pentagon rule (IPR)”

@ T @

IPR forbidden IPR favored
(Kroto, H., Nature 1987, 329, 529.)

34



Isolated-Pentagon-Rule |
(G YA v N s WL )

J. Am. Chem. Soc. 2017, 13’:?;, 4651-4654 pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Skeletal Transformation of a Classical Fullerene Cgg into a
Nonclassical Fullerene Chloride Cg,Cl;, Bearing Quaternary
Sequentially Fused Pentagons

Fei ]inf Shangteng Yang,’:"'% Erhard Kemnitz,’:"'i and Sergey L. Troyanov*'§

"Hefei National Laboratory for Physical Sciences at Microscale, Key Laboratory of Materials for Energy Conversion, Chinese
Academy of Sciences, Department of Materials Science and Engineering, Synergetic Innovation Center of Quantum Information &

Quantum Physics, University of Science and Technology of China (USTC), Hefei 230026, China
*Institute of Chemistry, Humboldt University Berlin Brook-Taylor-Strale 2, 12489 Berlin, Germany

§T—\_._,...l..___._l. L e et s NN o n O T Taiie i 11T AN oo 0 T T . Tl
. P )
%Ch Reviews wcemesaion) Chemnie
Check for
updates

Angew. Chem. Int. Ed. 2020, 59, 10481073

Strain Release of Fused Pentagons in Fullerene Cages by
Chemical Functionalization

Runnan Guan, Muging Chen, Fei Jin, and Shangfeng Yang*



Bonding nature in Cg, (I,)

« Bond length between two hexagons: 0.139 nm
-> double bond

(Benzene 0.139 nm; graphite 0.141 nm)

« Bond length at the pentagonal edge: 0.144 nm ( - 0.146 nm) | ;
—> single bond Ll

R Taylor et al. J. Chem. Soc. Chem. Commun 1990, 1423

4+ —

/o /”
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Physical Properties of Cg, (Solid)

* Density: 1.650+0.05 g/cm?

* Melting point: >700 °C

« Sublimation temperature: 500 °C in inert gas atmosphere
(ca. 350 °C in vacuum)

» Degradation: >1000 °C

« At room temperature (f.c.c., a =1.416 nm)
« Semi-conducting (n-type)

Face-centred cubic (f.c.c.)

Guo, Y. et al., Nature 351, 1991, 464.
David, W. et al., Nature 353, 1991, 147.

Superconductivity
« in Alkali fullerides, e.qg.
KsCeo (T 18 K)

(Hebard et al., Nature 350, 1991, 600.);

(zhang et al., Nature 353, 1991, 333.); Ferromag netism
Cs3Cqp (Tc ~ 30 K) « in TDAE-Cy, (TDAE: Tetrakis-(dime-
(Kelty et al., Nature 352, 1991, 223.); thylamin)ethylene) Currie T¢ 16.1 K

- highest T, at atmospheric pressure: (Allemand et al., Science 253, 1991, 301.)
Cs,Rb,Cq (33 K) « only s and p orbitals

(Tanigaki et al., Nature 352, 1991,252.) « 2D polymer of Cg,: CurrieT. =~ 500 K
(Makarova et al., Nature 413, 2001, 716.) 37




Chemical Properties of fullerenes

©
r.'u at -100 C

* High symmetry (Cq,- 1})

« Solubility: CS,, benzene, toluene, chlorobenzene
« High stability in air and in solution

« Strong electron-accepting ability

« High chemical reactivity

IID BA

Halofuller
Fulleranes H,

- Hollow inner space | @ @@ T e v raren

Epoxides

.I”g\. Echegoyen, et al JACS 114, 1992, 3978.
S ." —

Endohedral | \\ | //

additio

fullerenes " /,af/'

Host guest
complexes M1,

Taylor, Walton Nature 363, 1993, 685.
Hirsch et al. Fullerenes: Chemistry and Reactions, Wiley-VCH, 2005.



Endohedral fullerene

From Wikipedia, the free encyclopedia

Endohedral fullerenes are fullerenes that have additional atoms, ions, or clusters enclosed within tr E AR S0t 1
spheres. The first lanthanum Cg, complex was synthesized in 1985 called La@Cg, The @ signinthe J5 R axm
>z ) . E e ——
reflects the notion of a small molecule trapped inside a shell. Two types of endohedral complexes exi |5 ‘ FUI 3
‘x; A . FUNDAMENT :
IKIPEDI endohedral metallofullerenes and non-metal doped fullerenes [1] 3 =iy )
The Free Encyclopedia g = %"] Iﬁ

Endohedral metallofullerenes

MEHE R F

HER HLE FHW K

Doping fullerenes with electropositive metals takes place in an arc reactor or via laser evaporation. T
can be fransition metals like scandium, yttrium as well as lanthanides like lanthanum and cerium. Alsc
are endohedral complexes with elements of the alkaline earth metals like barium and strontium, alkali
like potassium and tetravalent metals like uranium, zirconium and hafnium. The synthesis in the arc re

however unspecific. Besides unfilled fullerenes, endohedral metallofullerenes develop with different ¢
like La@Cgyq or La@Cy, and as different isomer cages. Aside from the dominant presence of mono-

cages, numerous di-metal endohedral complexes and the tri-metal carbide fullerenes like Sc,C,@C,

A
2
if
g
I
ki

In 1998 a discovery drew large attention. With the synthesis of the ScyN@Cg, the inclusion of a mole
succeeded for the first ime. This compound can be prepared by arc-vaporization at temperatures up
scandium(lll) oxide iron nitride and graphite powder in a K-H generator in a nitrogen atmosphere at 3

Chem Soc Rev MM F: 46.2) ‘ Yang

CHEMIGL C.P'.le.f'.f'l. Se;c. Rev., 2017, 46, 5005-5058 i i FEyn‘DFgll:!’EEeBnﬁII;toFlA"pI;II;(EaﬁE‘N Es

W) Check for updates When metal clusters meet carbon cages:
endohedral clusterfullerenes
Citethis: 00110 1039/c6cs00498a
Shangfeng Yang, * Tao Wei and Fei Jin
14

VOLUME 113 MUMBER & pebe ace orgCR

pubs.acs org/C

Chem. Rev. 2013, 113, 5989-6113

Endohedral Fullerenes

Alexey A. Popov,*" Shangfeng Yang** and Lothar Dunsch*
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JM Hawkins et al Science
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1991, 252, 312
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Applications of Fullerenes

At il B, TEERA; IR
ﬂjﬁﬁiﬁbﬁh&' bl's WHEA; 5
EREE- TG

- S o | P
BRI = .7 U
EFA ' \
TNTH . . R Eig
AE Ykl
G ‘ I L gfgﬂ
—IRHY Iz SR
T Tk £ it ERERE
W22 Gin N E TR
fEALF DNAZE A

DNABYE: R EHR, 7 T4

41



" J
Fullerene antioxidants — application in cosmetics

Sunscreen’ UY cut
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Whitening & Repair
Hydrating Jelly Mask

foRATORY

‘octorBeauty

150 ml



y - - - -
B s
S as and cycloastragenol.
g | |The focus is on longevity but also on —
jathletic performance. 60

2 few months ago I ordered 12 bottles
ucﬁt} clive o©il and tried them myself.
§Of course you can never say if it'

became Dutch champien indoor rowing

on the concept2 rowing machine. I am
fessional sportsinstructor for

25 ars and participate in the Dutch

__Reiat ionships all those years. Never

L was I able to win and the training .
schedule was exactly the same. "'

w
Especially because of the cbjective f" ‘.'
f my sports performance &
ady times in the “
for the last 6 years
e training) it is

At -
Ry
- \ sam !p
remarkable that at th I suddenly have a big boost
in my times.. Coincidence or not? . B A ;‘
with permissiol -
- - <
A
.‘
¢

PN 45 mg of 99.95% pure
e £ A Buckminsterfullerene Cg, dissolved in 50
e ml extra virgin olive olil, stirred for two
weeks, centrifuged for one hour at 5000 g
and filtered through a 0.22 pym microfilter.
This is the exact same preparation as

$19,- used in the original rat study.
— /

Aerobic- & strength gains, longevity, brain Rats. Iiveq 90% longer on Cg,
rejuvenation and tumor prevention with in olive oil.
lipofullerene Cg, olive oil 44



http://c60antiaging.com/c60-faq/c60-buckminsterfullerene-side-effects-toxicity/attachment/lipofullerene2/
http://c60antiaging.com/c60-faq/c60-buckminsterfullerene-side-effects-toxicity/attachment/lipofullerene2/

Fullerene as lubricant additive —==

Graph # 1 s K
Bardahl 4-Ball EP Testing "Fullerene - Polar Plus” Formula

Waeld Load In Kilograms
240 -

230 +

1

i 1]
m Ref. Ol h i
mher s v
| C1Ret. Ol + ' R
| ORef. Qil + S ot »
| Ref. Oll +V . .
@ Ref, Qil + N '
@ Ref. Oil + Polar Plus £
| CIRef, Oil+ D

220+

Improved Polar Attraction Chemistry Provides a triple layer of protection against wear,

Palar Atraction Fullerene Molecules act like Solid film I.ubricatbn from
Maolecules miniature ball bearings Improved *Polar Attraction” with
Fullerenes

20il

Direction of Sliding Contact

* 30% enhancement on the lifetime !




Fullerene-based polymer solar cells (BHJ-PSCs)
T E WG BE VRS YK Bt

- 7 7 Heeger et al., Science 1992, 258, 1474.
ler et al. Science 1995, 270, 1789.
6 at 20 mW/cm?, 430 nm

(i) T HIB == AT Hees
(if) BTy SRS AT AL APRRIRT 525 NASIRAR;
(iii) BT B MRAL B BB T —HF AR Lh Loy WP S

: FoAR=S 1
(iv) ¥R 5 B B PR AR OB KR
(v) HHNE; HIER A ;

(vi) BT E A B . VBT

fs [
©= =
=
S
S
L
ABisua

Acceptor

[6,6]FPCg1BM

([6,6]-phenyl-C61 butyric
- Deibel, Dyakonov, Rep. Prog. Phys. 2010, 73, 096401. acid methyl ester) 46

Cathode anode bulk heterojunction  [eciiilelef:)
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Cell Efficiency (%)
8 R OB By 8

—
[=2]

12

Best Research-Cell Efficiencies
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Multijunction Cells (2-terminal, monolithic)
LM = lattice matched

MM = metamorphic

IMM = inverted, metamorphic

V' Three-junction (concentrator)

L_ W Three-junction (non-concenfrator)

& Two-unction (concentrator)

A Two-junction (non-concentrator)

a8 Four-junction or more {concentrator)

o Four-junction or more (non-concenirator)

Single-Junction GaAs

A Single crystal

A concentrator

W Thin-fim crystal

Crystalline Si Cells

o Single crystal (concentrator)

B Single crystal (non-concentrator)
O Multicrystalline

| ® Siiicon heterostructures (HIT)
V' Thin-film crystal

(T.J. Watson A=

Research Cen[—rl
— ARCO

Westing- F

Mabil
Solar

Matsushita
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State U sgiarex

Thin-Film Technologies

© CIGS (concenfrator)

® CIGS

O CdTe

O Amorphous SiH (stabilized)

Emerging PV

O Dye-sensitized cells

© Perovskite cells

A Perovskita/Si tandem (monolithic)
@ Organic cells

A Organic tandem cells

4 Inorganic cells (CZTSSe)

< Quantum dot cells (various types)

O Perovskite/CIGS tandem (monolithic) ||E':(_E|

Varian —Leo - | : 4
N e GE" SolarFron | yng . BJTU-ﬂIh.aass
S[m_d'zzf'_@'___""_‘gsg._"_ Z ?R*iﬂL_llﬂlu“f Queensland — —SCI_JT_. S0 loPICAS

qolarex

Panasonic

||- P by

LIELH- :
G . Trina Solar
Fh = lﬂEES'a'v E;anamgn

KRICTAUNIST UNIST "
First Solar o TUBUAA NIST
L HEJUW

olar

-

Solibro

|/ Philips 66 \\ \, '~ SCUT/eFlexPV
., UToronto '\ N Héfn

L] i
HKUST Joh
“, U.Toronto  U. Toronio
(PbS-QD)

L1 1
1985

https://www.nrel.gov/pv/cell-efficiency.html

I
2025

a7



Materials

- 7@7

Device Process

PRODUCT ROADMAP

SOLARMER PV SPECS

Cost 30 - 50 $/m:

Color Red, Purple, Blue,
Dark Green

Power Output 30 W/m:
Lifetime 1-3 years

Value
(KWh/$)

Weight ~ 100 g/m?
Thickness < 0.5 mm

Transparency Up to 45%
Size Customizable

Environmental Non-toxic,
Profile recyclable.

3-5% Efficiency 5-10% Efficiency
3-5 Years Life 5-10 Years Life
$2-5/Watt <$1/Watt

Source: http://www.solarmer.com 48



Helios Flying by AeroVironment Inc.
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Carbon Nanotubes (CNTSs)

LETTERS TO NATURE

Helical microtubules of
graphitic carbon

Sumio lijima
MATURE - WOL 354 - 7 NOVEMBER 1991

a

» Have been working at the
development of high resolution
electronic microscope.

» Started to work at NEC at the
age of 48, developed a high
resolution microscope (TEM).

0 0

b

FIG. 1 Electron micrographs of microtubules of graphitic carbon. Parallel > DISCOVGI’ed CNT at 51

dark lines correspond to the (002) lattice images of graphite. A cross-section

of each tubule s illustrated. a Tube consisting of five graphitic sheets,

diameter 6.7 nm. b, Two-sheet tube, diameter 5.5 nm. ¢, Seven-sheet tube,

diameter 6.5 nm, which has the smallest hollow diameter (2.2 nm). 50



EDITORIAL

DOI: 10.1002/¢s5¢.201100330

20 Years of Carbon Nanotubes**
Dang Sheng Su*®®!

S.S.Fanetal,
S.S.Xieetal,  Science
S. lijima, Science MWCNT FED AR Dkl
Nature ) CNT array Solihos

Super CNT fiber

Bethune,
N ._'

N e

S. lijima, Nature
MWCNT

D.H.Wuetal.,
Science
CNT rope

H. M. Cheng et al.,,
CPL
CNT strands

Figure 1. Selected major events and milestones during twenty years of CNTs. The illustration shows that the major advances in the first ten years were made

R. H. Baughman
et al., Science
CNT film

D.S.Suetal, K. Hata et al,,
Science Science
Carbon catalysis Viscoelasticity

L. M. Dai R. H. Baughman

- ' $.S. Xie etal., S
;.c:g:z:n o Nature K. Hataetal, " ",. .o etal, Science etal, Science
Aligned CNTs Superlong CNTs Spinning Science et. al:, Setiiice Fuel cell Yarn composite

_ SWCNT array CNT fiber

in synthesis, while in the second ten-year period advances were made in their application. Due to the limited space, only one or two papers were selected

per year, and only one author for each paper, and only the journal is mentioned, while hundreds of papers are published each year. The illustration starts in

1991, but CNTs were already reported in 1976.

51



€ Single-walled carbon nanotubes

T4¢ H

. Alwmm

DXL X

»3‘

“‘0

Lo &x“ “
S

Bl oy = oy B e et = = By £l

The (n,m) nanotube
naming scheme can be
thought of as a vector
(C=na;+ma,) In an
Infinite graphene sheet
that describes how to
"roll up" the graphene
sheet to make the
nanotube. T denotes
the tube axis, and a,
and a, are the unit
vectors of graphene In
real space.
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C(n,m)=na,;+ma,

» For a given (n,m)

o N - nanotube, if n —m = 3q

ZIGZAG (where q is an integer),

(M=0) then the nanotube is
metallic, otherwise the
nanotube is a
semiconductor.
» Thus all armchair (n=m)
nanotubes are metallic,
and nanotubes (5,0), (6,4),

\CHlRAL (9,1), etc. are

y (nFm) semiconducting.

v > ' Sy ’ -'P.; L yed \ .
g Vg.{; \J FAR .‘_“;\_\ > In theory, metallic
g Mg RGN nanotubes can have an
¥ ¥ M Y D AN ' '
e P QTR electrical current_densny
R gy Mg \*Qg L. more than 1,000 times
R W <>7 greater than metals such
g % gy \\r % as silver and copper
- \, et & e .
e pf,, ARMCHAIR
v e p -ﬁ II,I‘

(n=m) = (112 + nin + m?) where a = 0.246 nm

TV 53



e .semiconductor
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(0,10) nanotube <
(zig-zag) i

(7,10) nanotube : (10,10) nanotube

(chiral) 2 i (armchair)




Applications of CNTs

SWCNT 1054 GPa
Young's modulus
MWCNT 1200 GPa
SWCNT ~60 GPa
Tensile strength
MWCNT ~150 GPa
Current density 107 Alem?®
Electric L5 kKW-cm
conductivity
Thermal 2000 Win K SPM Tip
conductivity

Storage of Gas

High intensity



Graphene (A&4%)

discovered (2004)

Electric Field Effect in Atomically
Thin Carbon Films

K. S. Novoselov,” A. K. Geim,'* S. V. Morozov,” D. Jiang,’
Y. Zhang,'I S. V. Dubonos,? I. V. Grigt::rie."ul'a,'I A. A. Firsov?

22 OCTOBER 2004 VOL 306 SCIENCE www.sciencemag.org

Photo: U. Montan

Andre Geim

"Nobelprize.org

The Nobel Prize in Physics 2010

Andre Geim, Konstantin Novoseloy

The Nobel Prize in Physics 2010
Nobel Prize Award Ceremony
Andre Geim

Konstantin Novoselov

Konstantln
Novoselov

The Nobel Prize in Physics 2010 was awarded jointly to Andre Geim and
Konstantin Novoselov]'7or groundbreaking expenments regarding the two- |

| dimensional material graphene” |

57



Graphene: Properties
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//upload.wikimedia.org/wikipedia/commons/0/0b/GrapheneE2.png
//upload.wikimedia.org/wikipedia/commons/0/0b/GrapheneE2.png

Graphene: Properties
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Graphene: Applications
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Graphyne/Graphdiyne (f 24k

U CUTIELS 10

LA Ly

o
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Graphyne: Structure

> 1 a5 — N Lhsp M sp? PR 25 A 25 T BT Bk [F] 2=
A
> spAA A IR =5 B 2 458 . T s S A 4 A
s Ty =

graphene linear acetylene graphyne
=\ /™ /~\ (aka.carbyne) e O =
T HIHH Q==
N 7 N % o
{0 FS &N FN
— 2yl S 2
}—{ u u 4+ —=———=—=—= T ¢ _‘?'-&'C),, B ucm),—/:}—(cm),,-{‘/
% ﬂ{ (C=C),- " pt % ;% o
'% (‘:-:) (C=C}, -4 (C=C;n-a{_1>
Sp 3p1 sz + Sp1

M. J. Buehler, et al. Nanoscale, 2012, 4, 7797-7809.
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=+ Compounds of carbon
1. Carbide

Compound composed of carbon and a |ess electronegative
element.

(1) salt-like (ionic carbides):

K B (B S 7K e B
Al,C,; + 12H,0 = 4Al(OH),; + 3CH,1
CaC, + 2H,0 = Ca(OH), + HCCH
(i) covalent carbides:
SiO, + 3C = SIC + 2C0O1
2B,0, + 7C = B,C + 6CO1

(i) metallic carbides (TIC, VC):

>R TR BT HA TR B R T K2 dBUE T K.
>R T IR T R € B f ik I T A =R A e B K 2 R ik
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2.[+2] OS CO: Ifa, TR, BF

(16)*(20)? (30)* (40)? (1m)* (S0)?

= i
A—- o o YN L
112.8 o~ ,
. -C O: T
CO (6+8=14e)5 N, (2X7=14e")/&%5 i T4, t :+—g+#;++
AifARRL: (HEATAMAE (u=0.112 D) EE,

AB A=B A=B - 5 o
_ Bl 0 AFHBLRRE

CO #tfs(k)/mol)  357.7 798.9  1071.9
Hre 218 (kJ/mol) 441.2 273

N, g 5E(kJ/mol) 154.8 418.4 941.7
# /e 2= 15 (kJ/mol) 263.6 523.3

??? CORIEBEERN TN E8EE, {HCONIEIR, AfTA?

64



> il g

C+0, (K/@) —CO
I E : yeoon mHsz »COo T +H,0
H,S0,
H,C,0, >CO, T+CO T+H,0

C(s)+H,0(g) — H,(g) + CO(g) AHO =131.30KJ-mol




> P

‘ l_)j'?l)lJ
CO(@) +3 0, () —C0, (9

Fe,O,(s) +3CO(g)——>2Fe(s)+3CO, (g)

CO +PdCl, +H,0 - CO, +2HCIl +Pd |

f& CO

CO+2[Ag(NH,),JOH— CO, +4NH, + 2Ag ¥ +
& B, FEAGRIERS &Y Fe(CO);, Ni(CO),, Co,(CO),

X H P Cm AR T

Ni(CO), Co,(

1,0



3.[+4] O.S Cco,

22 ML) 45 1) O=C=0

0
C=0OX{## K 124pm ({£CH;--C--CH; ')
C—=OZ# #1113 pm
O=C=0%, C=OX{##K 116 pm
C: spift P o ]734

X AR, Bt Bk (R « AR ABIEA,
KK, {HARREKMg. Al. PEE5]EF) KK .

CO, + Mg = 2Mg0O + C
4P + 10CO, = P,0,,+ 10CO 67



Dry ice (FUK)

CO NN RAAF Bl 44 — A A Bk
— UK
s CO,y 2% CO,gy + COy TUK(iilFA 1)

1,000

I

|

L

| supercritical
: fluid

pressure
P (bar)
'—I
o
o

10

— 1--->

200 250 300 350 400
temperature
T (K)

Crystal structure of dry ice


//upload.wikimedia.org/wikipedia/commons/1/13/Carbon_dioxide_pressure-temperature_phase_diagram.svg
//upload.wikimedia.org/wikipedia/commons/1/13/Carbon_dioxide_pressure-temperature_phase_diagram.svg

BRIR IR IR 5 : CO42
a. structure
COVET /K, KR FECO,2H,0, F N Ak
H,C0; (ZITE9MR)
H,CO,—H' +HCO; K% =4.4X10"
HCO;=—=H'+CO;  KS =47x10"

OO
AN
i 6
I ¥ &
sz %% 0 0O~ 0



H,CO4
LioCO3 |BeCO4
K,CO4 (CaCO4
Rb,CO3| SrCO4
Cs»C0O3|BaCO4
Fr Ra

Sc
Y

!

Ac

Lay(CO3)3 Ce|Pr Nd| Pm

B PR &6

Tk EAE = AL R -
2NH,* + CO,*+ CO, + H,0 = 2NH,HCO,

He
B C IN|O | F Ne

Alo(CO3)3l Si | P | s |cl|Ar

Ti|V |CrMnCQO3|FeCO4 CoCO3|NiCO3| CuCO4 |ZnCO4 Ga Ge |As| Se Br | Kr
Zr NbilMo| Tc Ru Rh Pd |Ag;C0O4|/CdCO4 In Sn (Sb Te | | Xe
Hf TalW | Re Os Ir Pt Au Hg TI,CO3 [PbCO5| Bi | Po | At |Rn
Rf Db/ Sg. Bh Hs Mt Ds Rg Cn Uut Uug Uup/Uuh Uus|Uuo
Sm Eu Gd Tb Dy Ho Er Tm|Yb | Lu
ThiPal U Np Pu Am Cm Bk Cf Es Fm 'Md No  Lr

http://en.wikipedia.org/wiki/Carbonate
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b. K&

() R IEF RSB (PEHELY), &ATIE:

t

b, HRAER TIK;

(i) T2 & BRBRAZNBBEERTIERE, SCEHRIL
H)<SHHMNERREL) =

b

SNaHCo, < SNa,co,

St Na,CO, NaHCO, K,CO, KHCO,

100°Ci5fi s 45 16 156 60
(g/100g H,0)

(&



R XRHBTAENaHCO B HHCO, LIS
ER R RERE T, R T ENRBRE:

_OH—0__ 2-
O—C CTO E (HCoy) L2
[ SO0 O R (HCO,)
O O O
| N \H j .
/C\ /H ? ~. \0/
0 0 0 0 £% (HCO) ™
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C. %%%‘E :

b

> <A Eh<F# (H,CO, < MHCO, < M,CO,)
H,CO,——>H,0+CO,(g)
2M'HCO, ——> M,CO, +H,0+CO,
M'"CO,—— M"0O+CO,(g)

> Al — &8 R BRIR &

h e e 1

2\ B2 870

BeCO; MgCOs;

CaCO;  SrCO;
900 1290

BaCOj;
1360
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> BeRHERE > RitesRKRE > TR ERKRE

GEEEBRRREREHEE)
CaCO; PbCO;  ZnCO;  FeCOj,
SMRETIC 900 315 350 282
M FigA e (18+2)e 18e  (9-17) e

121 AR

2+ 02
M [o—c | wmcos- Mo+ co,
O

r(M2+) 7/, M2 iR 71K, MCO, A E:
E; M2t N18e-, (18+2)e—, (9-17)e- F4ZUAH*T
T 8e-H MM AL J1 R, H MCO, HXI AT E
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d. JKfEME

|lW .

K‘”(Coz—)_ — =1.78x10"" -
Kz (H2CO3) :

gHCO3 +H,O0=H,CO,+O0OH" (§5##)

ERET (BRI
PRIR ek | (BREEALYY | BB K B )
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O HEMWVIIE: Seqamm<Spm

AlR*, Fe3*, Cr3*, Sn2*, Sn**. Sb3*ZE(KMEM:R)
2Fe3++3C0,2+3H,0=2Fe(OH), | +3CO,1

@ WEFKIREL . Sesmm™ Spmps

Mg2*. Pb2t. Cu2*. Bi®*. Zn2*. Hg2*. Cd2+
2CU2*+2C02+H,0=Cu,(OH),CO,|+CO,1

@ BRER ELUTIE : Sea = Spmsh

Ca2*, Srz*, Ba2*. Ni2*. Agt. Mn2*Z5(ME/KAE)
Ba’*+CO,>=BaCO,|

> KE:

s JIAFGERIR, R AR RARENETE B A ZOKH, IR E TS I

A IKIKARVEM, Ui A COL%
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BERFI(Sodium carbonate) ag, #iT

> BWE (RN ZRREERIBRE) LA AErnest Solvay

@ TIBG2ERW (EERIRMU L LIEEAL , N
b RAE.

RS = AT

1. NH, + CO, + H,0 — NH,HCO,

2. NH,HCO, + NaCl — NaHCO, + NH,ClI

3. 2NaHCO, — Na,CO, + CO, + H,0

NH,EA A : 2NH,Cl + CaO — 2NH,; + CaCl, + H,O

> EEIRFIE (BEEHIRE) - hE A BE i

W5 AT A5 155 194 3 AE ZURy A 1) J: Al oot s i

MA, A A FIRB &R E, @ \

NH; + CO, + H,0 + NaCl = i

NH,CI| + NaHCO, /_L

2NaHCO, (Jn#) = Na,CO,+ Hr kil i
3 H2C2) R éOzT h}x e ./;:l m‘{l:&'

ERMHEELE

BB a 77



AR AE Ml
(KB EBIREZ<THLF SR>
2011. 64f)

Chapter 14. BXIEIGER
(P65)
1. [2. 25) . 7. 23. 26




MACHRER L (thiocarbonic acid, CS42)

D e e

if
o

Hﬁ
sp” 44k 4

S

I

\ /u\ e
120°

H*
K,S + CS, = K,CS, = H,CS,

CS, + SH™ — S, CSH-
S,CSH™ + OH~ — CS 2" +
H,CS 2 BT Ry,
H,CS; KB NI, *
H,CS, + 3H,0 =
K,CS, B4k &H,CS.:
K,CS, + 2H* = H

H,0

5 51 B RH,SFICS,
KR8 5 R

H,CO, + 3H,S

,CS, + 2K*
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//upload.wikimedia.org/wikipedia/commons/f/fa/Thiocarbonic-acid-2D.png
//upload.wikimedia.org/wikipedia/commons/f/fa/Thiocarbonic-acid-2D.png

A=W (Cyanamide) (CN,%) (FAVIKER )

[N=C=N]" 2/}

sp 744, " W/

H,CN, (Hydrogen dinitride carbonate )& o8 &
&, HWTK, alcoholflether, BREEEHE, FFH

HLYA T P A] B AE LA 53 144

H
H-N=C=N—H — EN—CEN
H NH,
H,CNLZE7/K H 218 7R
H,CN, + 3H,0 = H,CO, + 2NH,
CaCN, + 3H,0 —— CaCO; + 2NH; CQ (‘:

- g - H2
3H,CN, (D) L »(H,CN,), =RAMK



3.[+4] O.S

(1) CHal, (halides of carbon)
a. fil#%& CS,+ 3Cl,=CCl, + S,Cl,
CCl,: TBAE, BHEFRAR), B FHEK KA

b. IKfFME

CHal, + 2H,0 = CO, + 4HHal

CF, (A, G.- =-150kJ-mol™)

MRS 1% EBERATHI,

HRFTRZBN /12 E

GiEs

MCF4 — C|4|3,'@%=

IR PR 5 .

=: A

, CCly (A, G,

EATZ U Be/K R B T8

KRR,

VECEA, NEESKDT

B ) 55 B U S

5, 7

SYRERT

= —250kJ-mol™!)

SP
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(2) COHal, (& LR ERBRE =)
BT IfICOHal, tCHal , L 2 RIS IR A R R T
115 7K -
COCl, + H,0 = CO, + 2HCI
EAIEA R AR FE=A.
X COCIl, ObR) ZRIEH
TG HIH] 2
CO + Cl, =COCl,

82



(3) CS;
a. Preparation
(i) C+2S=CS,(900°C)
(i) 4S + CH, = CS, + 2H,S (600°C, Al,O,BREE[K)

b. Properties

CS, ¥R, R, TEKBEVIEHN
BF B 7K iR CS,+ 2H,0 = CO, + 2H,S
5B RMN  Na,S + CS, = Na,CS,

CS,EZESFKkHE K, RIMA:
CS, (I) + 30, AK CO,1+ SO, 1

cs, +3cl, 'S ccl, + S,Cl,

——
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B B B S VDRI A LA

Oz, S5 J=i *9%
o ETL/ \zﬁ /
Y/ Ca(OH):
CaO Oz
CaCo=—-C ~CO= O = =CaCO;
YO | Ams [ Comm (kN ARET )

- A B

H-0 S5 B A | Fe:s H0| | A A\ Ca(OH): I&E}I?
; Y '

\ Y
CH:  CSo Fe HaCO4 Ca(HCO:3)»
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§ 15-2 Silicon and its compounds
—. General properties:

1. TSI ETF
EAGE MR AY 2R 5,
L EBREHFLARE

d—pﬂ%i.’ !
\%jj_
T E RIS F

e

R, BEERIK BT

A I SIFEAL A R

|24k, BIInSIFISIZ
B A AR ﬁ/ﬁkpn pTiE, #E22, Si
[Fispalisp?a: A RRE o
2. HTSIRTFIIMIEFAEIdTHIE,
CLSif) i RECHZ ] LLik 26, m] PR

AIN(SiHZ); N TR B sp?
‘ﬁ ﬁ%ﬁ/ R‘7\EEE|:J:|\|J/?
H T4 5 SR T 13d = #L

E, Eld—pmidirE. BAN(CHy),5
N(SiHg) I AR, AT i) LewisHi
HERTJEH

3. SIEEHRAH HS

Hi 5 H

1K) =

5/

b, NIRTH. fE

=EN0.277, LAl (silica).

TG 26 (silicate) fAE4R FR 25
(aluminosilicate)f#- 1 .

crystalline,

reflective with bluish-tinged faces
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—- The simple substance

> A RS GRKRE) MEERS ERERES o A Fe
MR Wi, HEMRUSRIG . S, O

K, BAeRIE. R TSR AER.
> AN B T2 S5c MR, EFERE
TSHEMRE, Yt B TH AN —
IR TS, BEEE T 2RI T B25TR s e o stuctre
EWET, WBEHE T SYE. feSh (HE
HRRREER) , MTISHEME, FEE Sk

E.




> PN%E@%&: 4@~ﬁ%3
FRPAL A FAR,  J— 35 2 sliN Y

PNZ;

= TR — 45 2

SN

LU SR UNINEETAITE O EFI 0 S B 7/ ML

R = PN%

2R BT ERT HHWET
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00 0D B d
© 0000|000 0.0 e
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> PN B ) S e —{ﬁ—
Fik 148

FERR g

T i SO FrfmeE. smaps 0
g@gggggggg o 2 B 37 IR S, 3 BOE s
Q SO ﬁ,ﬁm&ﬁMEﬁ%m,ﬁ

b0 00l0ee0 0. L1
voooloelodee| | FIMPNALT SR
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1. preparation:

(1) SiCl, + 2Zn 2 Si + 2znCl,

(2) SIO,MCRF, FERFinH:
SiO, + 2C = Si + 2CO1

(3) SiO, + CaC, = Si + Ca + 2CO

(4) REBERISME:  SiH, 2 Si + 2H,

4 J’E—‘%flliﬁﬁﬁﬁﬁlf i
, A‘EJEJC@E&*& 5 %42

-

l—"—i HH

BF > 99.9999999%
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//upload.wikimedia.org/wikipedia/commons/2/23/Monokristalines_Silizium_f%C3%BCr_die_Waferherstellung.jpg
//upload.wikimedia.org/wikipedia/commons/2/23/Monokristalines_Silizium_f%C3%BCr_die_Waferherstellung.jpg
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en AR HE K FH BB FE iR
F

Antireflection layer Pyramidal surface with silicon
nitride antireflection layer

Burried contact

Back contact

graphic FHOTOM Intemasonal sounce: BP Sdar

Buried-contact cellUNSW
— BP Solar - 18.3%

& JE I 20M W LAK &, 35
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//upload.wikimedia.org/wikipedia/commons/9/90/Solar_cell.png
//upload.wikimedia.org/wikipedia/commons/9/90/Solar_cell.png
//upload.wikimedia.org/wikipedia/en/d/d7/Silicon_Solar_cell_structure_and_mechanism.svg
//upload.wikimedia.org/wikipedia/en/d/d7/Silicon_Solar_cell_structure_and_mechanism.svg
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Cell Efficiency (%)
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Best Research-Cell Efficiencies

7 2 R K BH i
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e

D
R
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W Thin-film crystal o ! - |=_ = ! .
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| ; . ]
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| ® Siicon heterostructures (HIT) (205%) e —
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Perovskite

PFN
PolyTPD
NiOx
ITO
a=Si:H(n)
a=Si:H(i)

2010

2020

a-Si:H(i)
a-Si:H(p)
ITo

Ag\ﬂﬂﬂﬂﬂﬂf

TFHimy |
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2. Properties

1) £EERBOLT, BEERE, Endn5F2ERRR
&, CRRERESERMN:

400°C  Cl,

SiC «22E € o | >SiCl,,
Si.N. < 1000°C N, ‘ ‘ 600°C 2 » IO,
2Mg + Si=—— Mg,Si

(2) B FA B R 4Btk (passivation), BRIET
HF—HNO.IIIE-& B o

3Si + 4HNO, + 18HF = 3H,SiF, + 4NO + 8H,0

(3) FEEB T HH,: Si+ 2KOH + H,O = K,SiO; + 2H,?

(4) BEEEER FEKBZESRKRMNM: Si+ 3H,0 =H,SiO,; + 2H,1
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SIiC

BRSNS (BREEAD , NRE S IRATEESS T A%
PP IR G . T RASELD, kithE
FERNNIE. HATER . AHEEEE). K
J& 75 SRRk I o H BEL A IR MR T Al TR AL IEEAE
KEARWBAAAFT T Y ZRa. £ 31KC,
N. BEIEE WY mTORM KRR, TR E N
NHAHBR 2 AT — R, '
> fENERL, WTHRMER, i, wa. Bk, o
> VENT6E M S50 R = B R

> DIRER &

> R KA

> 16 & R

> ARG, AT THERE. FIERIES 4.
> FHF3—129~T ke, ZmEE. L. Ak

FEUFE. KRRk Ak B R
M TR AL

\

2e)))!

L TTIT g
e ITT1U b
e
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=

=

“
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Si,N,

» Silicon nitride (Si;N,) is a hard, solid substance, that can be obtained

by direct reaction between silicon and nitrogen at high temperatures. |
Silicon nitride is the main component in silicon nitride ceramics, e —
which have relatively good shock resistance compared to other ceramics.

trigonal a-SizN.. hexagonal B-SizN. ; z -
i g SigNy4 axial rotor for a ©

gas turbine engine.

R Santl Lesa sy

1997 Si3N,

1980 Si;N

Tensile Strength (MPa)

Typical
Conventional

200 400 600 800 1000 1200 1400 SigNy4 cantilever used in atomic force &

microscopes 95



//upload.wikimedia.org/wikipedia/commons/0/00/Si3N4ceramics2.jpg
//upload.wikimedia.org/wikipedia/commons/0/00/Si3N4ceramics2.jpg
//upload.wikimedia.org/wikipedia/commons/e/ec/Si3N4strength.jpg
//upload.wikimedia.org/wikipedia/commons/e/ec/Si3N4strength.jpg

=. Compounds

C—HIC—O M | 3h), ) B HLF;

C—C f##ft 374kd/mol = C—C ] LA pie KA
Si—Si $#ERE N222kI/mol = Si—Si ANA] REFE ALK B
Si—O 4#fE N452kI/mol = Si—O A AR K 4

Si

O—Si BN | &A1, -

e.g. _HAMEWTF),

- ARV — B
FEMR 2 (A =K), Yot
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1. [-4] O.S. &
1A, HAREEALY):

(1)

Ca,Si, CaSi

e, SKRN, BA[5H,, N,&M;
CaSi + 3H,0 = CaSiO, + 3H,1

Ca,Si + H, =

, CaSi,

CaSi + N, = CaSiN,

(2) Bl (d X) o REEHAD:
Mo,;SI , Mo:Si; , MoSi ,

ERRAR A, A

éJ;’gi ):lf': ’ T@—AH Fﬂ]_
BRET

=K Wdﬁf

W (silicides)

CaSi + CaH,

MoSi, (2050°C)
“HF-HNO, B 5

WSi, (2165°C) , Ti.Si, (2120°C) , V.Si, (2150°C)

(3) f

X TG E AL

m—rt
b
.

X,

R HE T

1T UAT -

0,
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2. +4] O.S.
SiHal,, SiO,, Si;N,, SICHISiH,

SiF, SiCl, SiBr, Sil,

RES g I | S

o 2 N

Jrs i o fI =
> fiill s

a. CaF, + H,S0O, = CaSO, + 2HF
SIO, + 4HF = SiF, + 2H,0 |3
b. SIO, + 2C + 2Cl, = SICl, + 2CO

> TK A _ _
SICl, +4H,0 — HaS104+4HCI

SIF, +3H,0 - H,SIO ; +4HF
SiF, +2HF > H,[SiIF,] (AR %




SiF,
- Tl &

SiO,+2CaF,+2H,SO, Jn# SiF,1+2CaS0O,+ 2H,0
SiO, + 4HF = SiF, (A 4f) + 2H,0

BaSiF, H7%, I

# BaF, + SiF,1(#t)

> KR

SiF, + 3H,0 =

H,SiO, + 4HF

4HF + 2SiF, = 2H,SiF,

> H AT A i1560% 1 H,SIF A, HoOynals, RS T

3SiF, + 2Na,CO,

2Na,SiF(F ;aalex)w H,SiO, + 2CO,

+ 2H,0 =
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SiCl, (A)
- il s
SiO, + 2C + 2Cl, jus# SiCl,(1) + 2CO1

> TKfiR:
SiCl,(I) + 4H,0() = H,Si0,(s) + 4HCI(aq)

E@ﬁj
)
(}:4)’7 )ll )
H\

Cl O—H H\

o« CI\ O—H CI\ /OH OH

Si > si M, s H > . — > S

e ~ e U N N

Cl 7\ "Cl e 7\ "OH

H
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(2) ‘EkE(silane)  Si Hn4 NAIEIELS
R BLIRERE: SiH, (FRERE)  Si+H, >

| .

a. preparation:

H,O
Mg,Si + 2H,S0, = SiH, + 2MgSO,
NH;
Mg,Si + 4NH,Br = SiH, +2MgBr, + 4NH,

SiCl, + LiAlH, = SiH, + LiCl + AICI,
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b. properties
(1) reduction:
SiH, + 2KMnO,, = 2MnO, |+ K,SiO, + H,0 + H,1
Al BLAHKMNO SREFEAKFRESE GEREE CH, 38)
SiH ,+8AgNO .+ 2H,0——8Ag  +Si0, ¥ +8HNO,
SH,+20,—>SI0, +2Hzoaﬂ$ﬁ
(ii) hydrolysis: SiH, ZESiK RRER1E SR P A KR,
(BEMERIEMA TN, Rk REREES
SH,+(n+2H,0——SI0,-nH,0+4H,
Note: CH, ﬁ%@kﬁzmﬁﬁﬁif’?x
(iii) #heE k2. DRt R
SiH, D00 Si+2H2
2 CH, "3k C,H, + 3H,
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Tetramethylsilane

» Tetramethylsilane (TMS) is the accepted internal standard for
calibrating chemical shift for 1H, 13C and 2°Si NMR spectroscopy in
organic solvents (where TMS is soluble). In water, where it is not
soluble, sodium salts of DSS, 2,2-dimethyl-2-silapentane-5-
sulfonate, are used instead. Because of its high volatility, TMS can
easily be evaporated, which is convenient for recovery of samples
analyzed by NMR spectroscopy.

» Because all twelve hydrogen atoms in a tetramethylsilane
molecule are equivalent, its 'H NMR spectrum consists of a
singlet. The chemical shift of this singlet is assigned as 5=0, and all
other chemical shifts are determined relative to it. The majority of
compounds studied by H NMR spectroscopy absorb downfield of
the TMS signal, thus there is usually no interference between the
standard and the sample. Similarly, all four carbon atoms in a
tetramethylsilane molecule are equivalent. In a fully decoupled
13C NMR spectrum, the carbon in the tetramethylsilane appears as
a singlet, allowing for easy identification. The chemical shift of this
singlet is also set to be & 0 in the 3C spectrum, and all other
chemical shifts are determined relative to it.
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Silicone rubber

» A polymer contains silicon together with carbon, - ! .0 0O -
hydrogen, and oxygen. There are multiple Si Si Si
formulations.
» Silicone rubber is generally non-reactive, stable, n
and resistant to extreme environments and
temperatures from —55 °C to +300 °C while still
maintaining its useful properties.

» Silicone rubbers are widely used in industry, and
may contain fillers to improve properties or reduce
cost. Due to these properties and its ease of
manufacturing and shaping, silicone rubber can
be found in awide variety of products, including:
automotive applications; cooking, baking, and food
storage products; apparel such as undergarments,
sportswear, and footwear; electronics; medical
devices and implants; and in home repair and
hardware with products such as silicone sealants.



//upload.wikimedia.org/wikipedia/commons/6/6a/Pdms.png
//upload.wikimedia.org/wikipedia/commons/6/6a/Pdms.png
//upload.wikimedia.org/wikipedia/commons/d/de/Silicone-3D-vdW.png
//upload.wikimedia.org/wikipedia/commons/d/de/Silicone-3D-vdW.png

3) R FEMNEY
> TLERIME. AOEBE. EE L. BA
> i RABENAR, BTRETFHE
> AT JKE
>/§\ﬁ/\}ﬂ\m65@ :EP:I}A%(I’ %:EEIEIE'I’ E‘—g
> JBA Z& R A0 »bRE
Fgk —1000C. pemmpk RN gy
GuRL2 Y

> BARHRA

uy:
an
(aYay

105



e
o
&
>
iy
B




Si

PR
NY)

)N

Silicone dioxide

Isp3 AL BLIE 5 U plideE A L

/

L]
?\‘\

RS

www .china.cn



//upload.wikimedia.org/wikipedia/commons/c/c5/DuneBlanche.jpg
//upload.wikimedia.org/wikipedia/commons/c/c5/DuneBlanche.jpg

Form

a-guartz

B-quartz

a-tridymite

B-tridymite

a-cristobalite

B-cristobalite

faujasite

melanophlogite

keatite

http://en.wikipedia.org/wiki/Silicon_dioxide 108

Crystal symmetry
Pearson symbol, group No.

rhoembehedral (trigonal)
hP9, P3;21 No. 152"

hexagonal
hP18, PB222, No. 180"

orthorhombic
0524, C2224, No.20!'®

hexagonal
hP12, P6a/imme, No. 19409

tetragonal
P12, P4,242, No. 920'%

cubic
¢F104, Fd3m, No.2271"7]

cubic
¢F576, Fd3m, No 2271

cubic (cP*, P4232, No.208) or tetragonal
{P4ainbe)™

tetragonal
tP36, P4,2;2, No. 9221

Notes Structure

Helical chains making individual single crystals optically active; a-guartz converts to B-
quartz at 846 K

closely related to a-quartz (with an Si-0-Si angle of 155%) and optically active; B-quartz
converts to B-tridymite at 1140 K

metastable form under normal pressure }

A

closely related to a-tridymite; B-tridymite converts to B-cristobalite at 2010 K

metastable form under normal pressure

closely related to a-cristobalite; melts at 1578 K

sodalite cages connected by hexagenal prisms; 12-membered ring pore opening;

faujasite structure ['¥! moganite

SisO1p, SisChz2 rings; mineral always found with hydrocarbons in interstitial spaces-a

clathrasil” coesite

SisO1p, SisChe, SizCha rings; synthesised from glassy silica and alkali at 600-900K and L sthovite
40-400 MPa

fibrous

seifertite

. Crystalline forms

of SIO,

8403 and SigOy2 rings

Si40g and SigOsg rings; 900 K and 3-3.5 GPa

One of the densest (together with seifertite) polymorphs of silica; rutile-like with 6-fold
coordinated Si; 75-8.5 GPa

like SiS; consisting of edge sharing chains

One of the densest (together with stishovite) polymorphs of silica; is produced at
pressures above 40 GPa 17



» property:
o 5HFRM
SiO, + HF = SiF, + 2H,0
o SEEREE RN
SiO, + Na,CO, Ji# Na,SiO, + CO,1
SiO, + Na,SO, Jii# Na,Sio, + SO,1
SiO, + KNO,J1#Na,SiO,+NO,1+NO1+ O,1
o S5hRNM
SO, + 2NaOH = Na,SiO; + H,0
o SHEEEYIRMNM
NiO + SiO, 873~1174K NiSiO,
Ca0 + Si0, = CaSIO;
o S5&RBRM
SiO, + 2Mg &g 2MgO + Si
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(4) 1EME (silicic acid) RFEESEL (si
Lo s . ER S T4 R BR T
E;jéﬁﬁiﬁft X SI02 "y I._IZO (G5 & SR k)
X = 1 ’ y — 1 ’ H28|O3 {)H%E:I:E‘Q ‘ 1@ ﬁl]
x=1, y=2, H,SIO, IEEER () Hclo, %R, Bkit, ik CLO,
x=2, y=1, H,Si,O g{)ﬁfﬁﬁi@ﬁ H,SO,, #M%, M4, K M,S;Q;

x=2, y=3, HgSi,0, FETE T H,PO,, "HiER, HEE7J< T, £5, 2 R0ER%
H,SiO,, 55, 2 4i &

\
H,SIO B/, 2 Jui5iR:
K.2= 3.0X10-10, K,8= 2.0X1012

=

Bl ANAMEREERRE 5HY, CO, , NH, % M5 FIH,SiO,
S0 +2H" == H,SiO,
Si05” +2CO, +2H,0 = H,SiO, +2HCO;

SiIO2” +2NH}; = H,SiO; +2NH,
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Silica gel
RUCREERR 20 pe

FEIS B B2 NS10,, B4R Z P AR 4E DU T
WAL . 300 °C yEAbJE, BIAE N7

)3 3 frEZN
Na,SiO; & || FERR B4 T
W N U 24

v oK R ‘
2 FLYERERR To0CRT

/K CoC 1, CoCl,-6 H,O

[EE] &ﬁﬁcOC|2mm§>§a§@ﬁnﬁ,¢ﬂFﬁ?ﬂJ;
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RS [EEARA)
a. &t (524! ) . —KERELH '
W, EREREGHRAINEE O~
TR SI0,]% )

o (1) BAMSIO,|UE#Si:0=1:4=>5i0,+  EEMIR SO

o (2 BIANM[SIO,JLLAEMEZE, SIRIORRTF
2 HR1:3.5 =Si,0,6

o (3) [SIO,| LB A4 BRI E[SIO,) e
Wiﬁ\ﬁi*ﬁﬁﬁiﬂ:%&&%%%w’ Do _\/ \ )
Si:0=1:3 = [SIO,]*" WA

o (8)[SIO,] A RHIIE BAEE i

Si:0=4:11= [Si,0,13"

¢ (5) [SIO A HILAENMAEMHEBE=A
[SiOJMHEMEREM, Si:O=2:5
= [Si 205]?]_

¢ (6) [SiO,] 437 LAY A~ A0 FoAth /G A
[SiO MZE R B R GE W,
Si:0=1:2=(SI0,),
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L 2 I

é@ﬁ{ , o Lo
SR KRBTk BB RHMESI.
ZnSi0, CuSiO, CoSiO; Fe,(SiO,), MnSiO, NiSiO,

§ i £ AR A ST
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Y EIEEN ¥4 (zeolite)

> FEEVUmEAS, WF s B T
LR FERR Eh -

KA. Nay0 » A1,0, * 6510,

kit AL, ¢ 2Si0, ¢ 2H,0

AT . Na,0 < A1,0, ¢ 3Si0, * 2H,0

> H AR T AR AR 1) R Ee iR R Eh AR R PR R
HARE =4ed5f), n] LAk B B —
€ KN 91, FRON 4T ¥ i (Molecular
sieve). fLAL: 70 F U B PRz O vy T i
PR S B )

Gesaraics

*EleoliE " xR
> BPRE AT HNT MR AT TR FRIR S 2 —

W

BFRESAFELRE

i BEA : FELIRE
(

Supercage

Cubic cage

Sodalite cage The microporous molecular structure of &

g a zeolite, ZSM-5
hitps i ewsaste

infefE055/82467 . htnr=
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FERREE Tl 7/ B CHEE)
" 0 W A KA
JER . AKA pate
A iR iR
REZN, B B, A A
s 3Ca0 Si0,. 2Ca0 SiO,. Na,O CaO -
PRERBA 3000 AI2C2)3 2 6Si202
7= iR 7R A TG [F 8 4

AL,0, * 2510, * 2H,0 e



(5) SiS,

Research Article

Silicon Disulfide and Silicon Diselenide

Henry Gabriel, C. Alvarez-Tostado

. _ Science 30 July 1965 ¢ Prev | Table of Contents | N
J. Am. Chem. Soc., 1952, 74 (1), pp 262-264 Vol 1480, 3583 g 525537
DOl: 10.1126/science. 140.35683.535

Germanium and Silicon Disulfides: Structure and Synthesis

Si o+ 28— S5iS; + 59.9 £ 0.5 kea

C. T. Prewitt and H. S. Young

+ Author Affiliations

SiO, + Al,S; = SiS, + AlLO, .

Aol KA

Crystal structures of the tetragonal forms of germanium and silicon disulfide are similar and consist of
[Sis,,]"' and :Ges,t:r” tetrahedra which share vertices to form three-dimensional networks. These tetragonal
materials, synthesized at high pressure and temperature, are different from the previously known

Pro perty: e
CaS + SIS, = CaSIS,
SIS, + 4H,0 = H,S10, + 2H,S (Hydrolysis)
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NaZSiO3

INaOH

HCI G (8
SiHCl; +=——=» Si < Si0, — SiC

A
JCH@] HFl choa .

SiO44_ S— SizO']Z B
(CHg)zsiCIZ SiFéz_
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§ 15-3 Germanium Subgroup
_ 6215 1 B T3
—. General properties - N

+4EHES  Ge Sn Pb 284S

RsErHA < > s
Ge(s) + GeOs(s) — 2GeO(s) AGE =47kI-mol™
Sn(s) + SnO,(s) = 2Sn0(s) AG.. =—67kI-mol™
PbO, + 4H +2e —> Pb"' + 2H,0 Q= =+145V
GeO, +4H +2e —> Ge™ +2H,0 @ =-0.15V

> Ge, Sn, PbfEMFT K& B B NTe-7, 4e-5, 1.6e-5. HARF
hfFfEargyrodite BN (4AgS-GeS,), germanite¥gi A
(CuS: FeSGeS,), tinstone #£(Sn0,), galena (FHH))
(PbS), cerusite (H##) (PbCO,);

> PbfAFETFUranium MThorium® =, iXL£HTPbLZUMThEX
SRR .

> PbTABhalpha, gammafiX-ray, {EXfbetafineutronZiRE. 15,




—+ The simple substances
Ge Sn Pb
A Roatslr Hotsls BERKE

WWE e TeE 2 Jis LE
Bk, €RA  ASRRARFEER FEX BRK
R SR AR SE €R, HERME RSN EES Y

y\j aﬁiﬁ@%ﬁﬂ Metallic gray

Grayish-white
SN silvery (left, beta) or gray (right, alpha)
/ ; [ l
P 2 he -’ — - - ‘ b - -H
el A~ L e PNy >
17 S v "o T iy D
bt LY L o} - wiad ._~-.'. . e -,9, ~ g gL
L& S o . R a ] ..- N - L B o " -‘ : - A~
W ¢ ' = A Nt a ity 1 e & 5 o T » »
You & s g y 25 '!." - ;'.’{ P ”-‘_.._'" & . l', . - : ,
g Pt j MRt B s e S MM
y A 7 § : s T R V= . P g -
" e =7 U 3 - o o3 TN ) o
« B e =Y 3 - - u T :
7 o § ~3* LT T B 2 ST g -
AR v h Bk : " - N 2 5 LY,
Py VoG Oat . i L% 3 Tt LA
- B '. E o S s . .»' . 1" oy - i - " »
O b /" d o N B A . o .
S 54 RO O

HiE PIE MR fNE AT Es WAE R B8 S
BalébEIﬁJ [ EW oS HAERRAMED [

A S2esE ~ HEAR - nEaf - BRAF - arsE a#s

6°C 161°C

——— S
(%8 %) ~— Mi%h swesvommnanzws™

18124, FEAEHEMAERCANEESN, SRS MEEREZRATENERN, RERCHETH

K (o 2 )
NESERRIEE PG . A RN R Al A BEEET b BnEA—uitFmE

%E(Tl n d | S e a_S e DEE iR, RN SR ST O A B AT RS .
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Chemical properties

Ge Sn Pb
o, - - PbO, Pb,(OH),CO, (i)
H,0 - — Pb(OH), (17O, f#1E)
HCl —  SnCLOKHCY)  POCL (i, i 2 i b 1L
SnCl, (1%, #iHCI) J¢ NREAT)

Sn + 2 HCI (conc.) SnCl, + H,

Sn 5% BI# Eh IR & M1

Pb + 2 HCI (dilu.) PbCl,| + H,

AR PbCl, BHERMNY, RNMEIE.
Pb + 3 HCI (conc.) —— H[PbCI;] +H,
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Ge Sn Pb
HNO(F4) — Sn(NO,),(4)  Pb(NOy),
HNO,(#)  xGeO,yH,0 H,SnO, —
(Bifk ! BIPD(NOS), A ¥ T #HNO,)
Ge + 4 HNO, (conc.) —— GeO,'H,0/ + 4NO, + H,O
Sh + 4 HNO, (conc.) =—— H,SnO,(B)|+ 4 NO, + H,O
3Sn + 8 HNO,(dilu.) 3Sn(NOs), + 2NO + 4 H,0
Pb + 4 HNO, (conc.) Pb(NO,), + 2NO, + 2H,0
3Pb + 8 HNO,(dilu.) 3 Ph(NO,), + 2NO + 4 H,0
= HRAER Pb EALE] +4 AMS!

> PbH %A% T HAC:
2Pb+0, ——2Pb0O

PbO + 2CH,COOH——> Pb(CH,COO0), + H,0
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Ge
H,SO,(#%) —
H,SO,(#&)  Ge(SO,),

Sn Pb
— PbSO, (¥, = migk ik)

Sn(S0,),  Pb(HSO,),
(I H2S04) (FfH2S04)

Ge + 4H,50, (conc.)
Sn + 4 H,S0, (conc.)
Pb + 3H,S0, (conc.)

Pb + H,SO,(dilu) =—— PbSO,| + H,

Ge(S0,), + 2SO0, + 4 H,0
——=5n(S0,), + 2SO0, + 4 H,0
Pb(HSO,), + SO, + 2 H,0
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Ge Sn Pb
NaOH Ge(OH);2~  Sn(OH),2~ Pb(OH),2~

Ge + 20H™ + 2H,0, —— Ge(OH)2~
Ge (Il) NFaxE, HE/ Ge (IV)!

Sn + 20H™ + 2H,0 Sn(OH),2~ + H,
Pb + 20H™ + 2H,0 =— Pb(OH),*~ + H,
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> il

DA g GeO, ol GeCl, (B R 1) kg
GeO, H,GEE) Ge

i keksso, (S, As¥ER) i S0, (MiAb4 @4k
i TR0 i Sn CFL) e Sn (k&)

PbS, kike/n, Pb0, imE/c. g Pb(Fl) g P (k)
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=. Compounds

1. X4t#(halides)

(1) SnCl,

a. 7K

EHal,

EHal,

SnCl, + H,0 = Sn(OH)CI| + H* + CI-

FERCH SN CI, B AR BT IE F ALK AR

SnCl, —225SnCl, = 2Sn?* + O, + 4H* = 2Sn** + 2H,0

NV

b. ¥

SnCl, +2HgCI, = SnCl, + Hg,Cl, (Ht%
Hg,Cl, + SnCl, = SnCl, + 2Hg| ()

(K 3 F UL R I HG2*, Sn2+ 3 T 72 4E)

] ERIRAL R TEK, FRFESNCILF
SnCly + Sn 2SnCl
S}E‘l’fﬁ:

ISk

448)
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(2) GeCl,

, SNCI W 3EF 7K iR

GeCl, + 2H,0 = GeO,| + 4HCI
SnCl, + 4H,0 = Sn(OH), + 4HCl

X FEERER™: SnCl, + 2HCI = H,SnCl, (B2 &)
(3) PoCLER KPR/, [BERKTPBBE
K, FEHRTEFEEER
"> PbCl, + 2CI~ = PbCl,
(4) PbCl LR TRE, EEE TET#%
PbCl, = PbCl, + Cl,
(5) Pbl,: HELREFICIE, BHTHKRA

AR R B/ Fr

Pbl, + 2KI = K,[Pbl,]
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2. Ak P(sulfides) ES

(1) SnS:
H,S + Sn%* = SnS | (

SNSAHTNa,SHH+, ERHTF

B B ) 2 B A D R

Y S

)+

ES,

2H"
SRR B THCIN

SnS + 4Cl~ + 2H = SnCl 2 + H,S$1

SnS +S3” = SnS3~

(2) SnS,: AW TNa,SHEEH
Sn*" + 2H,S = SnS, |(H )

SnS, + S =— SnS?"

SnS, + 6HCI — H,SnCl; +2H,S
2 Na,SnO; + Na,SnS; + 3 H,0

3 SnS, + 6 NaOH

5 SnS | + HyS 1

+4H"
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(3) PbS:
Pb2* + S2- = PbS | (Ef)
PbSH YA TWHCIAFHHNO,. H,0,, A TFNa,S

MTCEAE IR TR
PbS + 4HCI(¥K) = H,S1 + H,PbCl,
3PbS + 2NO,™ + 8H* =
3Pb%* + 3§ | + 2NO1 + 4H,0O

X HTPb(IV)ERBEFIEME, FrPAPbS, AT

(4) GeS I GeS, TE/KHH —E X

GeS,(H) + Na,S=——= Na,GeS, (FfEEHH)

b )
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3. EAtY(oxides) MO MO,

MO WtEIRIR, MO, PHERER, BHAET K.
GeO(Ef) ;

GeO,(Ht);

SnO(IE ) ;

SnO,(ZK);

PhO(Ft, XN AZZEPFEME, massicot) ;
PhO,(EBf) ;

Ph,04(F ), FIFME: PbO-PbO,;

0,0,(£L

1), X448, FIEE: 2PbO-PbO,
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(1) SnO,
» & Sn+ O, KEESSNO,

- YRR ANETOK, MBS TR, {27 5 NaOH,
Na,CO FISHH, 75 B Al 7 ik 26
SnO, + 2NaOH = Na,SnO, + H,0
Sn0O,+2Na,C0O,+4S=Na,SnS,+Na,SO, +2CO,1

0.154 —0.136

Sn*" Sn
,.—0.96 —0.79

-© +
ES/N  Sn*

ESV  [Sn(OH)]

[Sn(OH), T~

Sn
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(2) BHIENYD

PbO(Et, XNAZ%PFEME, massicot)

PbO,(Bf) :
Pb,O,(3®), FIE{E: PbO-PbO,;

Pb,O,(4 ), X449+, TELE: 2PbO-Pbo, PHIPLYO,

Pb" (Pb™vO,)

> W85 2Pb(Hafh) + O, = 2PbO

Pb(OH);” + CIO" = PbO, + CI-+ OH + H,O

Pb + Oz(g@@ﬂlﬂ‘» Pb.,O,

> Bt

PbO, 563-593K Pb,0, 663-693K Pb,O, 803-823K PbO

Pb_PbO, +4HNO, —

2Pb(NO,), +PbO, (* )+ 2H,0



> V’:)ﬁ
& R A B A2
PbO + 2NaOH + 2H,0 )J_f"??‘,,NaZPb(OH)eS(%@&)

4 szOg, Pb304, Pboz%zﬁﬁgﬁg'ﬂs rfé(f-‘@‘rféﬁlﬁk '::')
5PbO, + 2Mn2* + 4H* = 5Pb2* + 2MnO,” + 2H,0
PbO, + 4HCI = PbCl, + Cl,1+ 2H.0

¢ PbO,: Pb (65%6p?) KIfEHEEBFXITHM= 6S2HF A
mR%E, —HRE, FHEFMHFIRERE

: - 0.
1.45 Pp2* 0.126 Ph

ES/V PbO,

0.25 . —0.38

ES/V PbO, PbO Pb

2PbO, +4H,SO, — 2Pb(HSO ), +0,+2H,0
2PbO, +2H,S0, —2PbSO , + 0, +2H, 0
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4. LE A (hydroxides)

i mOH: £

Sn** "=~ Sn(OH), s. ) O o), P
szﬁ i';fACPb(OHb 51D O [Ph(OH), |
Sn'* = H,8n0,(s.11) L s (OH),
Sn f{\HN()ﬁ H SiO (s.[) it iukdn

Sn + 4HNO, (#)—+# -H,SnO, + 4NO, + H,O
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> Sn(OH),: Wifk; &R
Sn2* + 20H = Sn(OH), |
Sn(OH), + HC| = SnCl, + 2H,0
Sn(OH), + 2NaOH = Na,[Sn(OH),]

3Na,Sn(OH), + 2BICl, + 6NaOH = 2Bi| + 3Na,Sn(OH), + 6NacCl

> SI’](OH)4: P
SnCl, + 4NH;-H,0 = Sn(OH), |+ 4NH ,CI
Sn(OH), + 2NaOH = Na,Sn(OH),
Sn(OH), + 4HCI = SnCl, + 4H,0

> Pb(OH),: Ptk
Pb2* + OH- = Pb(OH), |
Pb(OH), + OH- = Pb(OH).;
Pb(OH), + 2HCI n# PbCl, + 2H,0
Pb(OH), Jii# PbO
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> TRAE

Be T 1 om

<

” | Ge(OH), Sn(OH), Pb(OH), |
i3 P ’ kR i3

% | Ge(OH), Sn(OH), Pb(OH), | #
: : : : |

B, Pt 1 om
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3. it EY

(1) Pb(NO),

ZKfi#: Pb*T+NO;3 + H,0 Pb(OH)NOs | + H'

557 s 2Pb(NOs), » + 2H,0

(2) Pb(CH,COO0), (EEJ PR ‘ﬁ“ﬁﬁﬂ;‘k {BFRELHE)
AW, GWTK, EEME, FBHEXR

Pb(Ac), + Cl, + 4KOH = PbO, + 2KCI + 2KAc + 2H,0
(3) PbSO,
AT WH, SO, AT T NH, AcEkNaAc I H
PbSO,4 + H,SOyp) =—— 30,4), — 29 3 PhSO,+ H,SO,
PbSO4( 1) —2<—5 PbAc,( A ¥) +SO3"
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(4) PbCro, e

NG FEFT RS, —EH. : f -

Pb** + CrO% =PbCro, ¥ (i)

X FTPb2 % 5E (PbCrO B TEENR, XEHG
BaCrO,A%]; SrCrO,#&ATHAc, AETH. )

PbCrO, + 2 NaOH — Pb(OH), + Na,Cro,

Pb(OH), + NaOH — Na[Pb(OH),]

PbCrO, + H* — Pb2* + HCrO,
2PbCrO, + 2H* (i1 &) — 2Pb2* + Cr,0, + H,0

-+

H —
PbCrO, (3 th) < oOf= PbCr,O7(R) ¥#r)
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> WHIERRHIBAL . IR

Ph2+ Pb(OH),
A N TOH'
PbCL(F1) PbSO,(F1) PbL(#) PbCrO, (i)
| VKHCI JKH SO, T | HNO,
PbCl,2- Pb(HSO,), Pbl,~  Pb2*+Cr,0.

/SEETH: Pb(NO,),, Pb(Ac),, KA EMEAL &)
HEH 7

2B : PbCl,, Pbl, PbSO,, PbCO,,PbCro 4.
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L P ) ——

Best Research-Cell EffICIeI'ICIeS

- Fm:r:-'.:-n_E

FRGISE  Alla | oaeomig

Emerging PV

O Dye-sensitized cells ;'_._-—--_-*":HEL e =
: 7o, EMPA [Flex poly) X = W IS
Q Perovskite cells r— o | PGHSE o,
—o " 5t e |-EPFL =

A Perovskite/Si tandem (monolithic)
® Organic cells
A Organic tandem cells

@ Inorganic cells (CZTSSe) l:ph..ﬁe.,.uQE'iJﬁ:LﬂeFef«
< Quantum dot cells (various types) | s\ \iccas

OO0 Perovskite/CIGS tandem (monolithic)

X (Science) #¥TPII¥RN2013 &£
TRRERH- CH NH PbX

HTM  Porous Perovskite

Compact TiO,
SnO,:F (FTO) Anode

O Methylamine ion ([CH3NH3l")

. Halogen ion (1. Br,ChH)
Glass O Lead ion (Pb?)

l
2025

Lev Perovski

Born 9 September 1792
Died 21 November 1856 (aged 64)
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(5) HHIFENALED
4NaPb (#i#1#4z) + 4C,HsCl = Pb(C,Hs), + 4NaCl+3Pb

2. 545 (tetraethyl lead) BRIEHPIER], H
AH®=217.6KJ- mol L, {H¥E %mTﬁﬁﬁ'%ﬁlo

> AENIIGRIAET G, PR Hzc/
PRI BR A, AR Ik R 3L 3¢C;b _on
NSRRI, AT RS 1 P R4 3
AIEAILE, HOMRAAE ]
AW, CHy

> U Z R T DU AC-PORR I 51 JIAR 255, PR BLIA BRI BE P48 3 53 .«
GIRIN, 225 = IR (CHLCH,) PO 20k | i3k, T8 1 ik o R 2L

M s SRR, TRSGE R, A RE IR, B
RR B .

Note: HTHPb(C,H:) MEAIHPUREN, IRHMRERESP S

HEHEY, BFEA5. RCHRBATHITURN, HRALH

IR . (CH3CH>)4Pb + 1305 — 8CO, + 10H,0 + Pb
2Pb + 05 — 2PbO 140
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