Nhitng vin dé chung
PIEN HOA: TU LY THUYET PEN CONG NGHE VA UNG DUNG (P.1)
Nguyén Duc Hung" %

Tém tit: Pién héa hoc la linh vuee khoa hoc cong nghé giao thoa giita hoa hoc va dién
nén cé nhiéu img dung trong khoa hoc va doi song. Phan img oxi hoa — khir trén dién cuc
trong mdi truong dién ly la dic thi cia dién héa. Ly thuyét vé dung dich dién ly lam ré
quy ludt dan dién dang ion, con nhiét déng hoc lam ré cau tric I6p dién tich kép trén gidi
han pha gitia dién cuc rdn va dung dich dién ly pha long ciing nhw vai tro nhiét dong ciia
cdc loai thé, ddic biét thé dién cuc trong khi déng hoc phan iimg dwge xdc dinh bang mat
dé dong dién dwoc kiém sodt qua quy ludt voi qua thé va phan cwc. Cdc quy ludt ciia phan
wng dién hoa dwoc vrng dung dé phat trién ky thudt phan tich dinh tinh, dinh luvong vt liéu
ciing nhw ddc tinh ciia phan g dién héa. Phan iing dién héa ciing da la tién dé hinh
thanh linh vuc linh kién dién hoa trén co so quy ludt cua ion va pham vi diéu khién cdc
qud trinh bang senso dién héa. Loi thé sir dung dién nang d@é chuyén thanh héa ning di
dwoc khai thac trong cdac cong nghé ché tao vt liéu tat ca kim logi mau, cdc héa chat vé
co, hitu co va dwge liéu. Cac phwong phép gia céng vit liéu kim loai ciing nhw bdo vé, b
sung cdc chire ndng cho bé mat kim logi ciing nhw chong dn mon kim loai bang cong nghé
dién hoa ciing tao nén hiéu qud ddc biét. Nguén dién dién héa dé san xudt va chira nang
lwong dién ciing co tam quan trong va gia tri lom lam co so cho sy phat trién hién dai va
théng minh héa moi linh viee ciia xd hoi. Pién héa hoc ciing gop phan tiép cdn nhanh va
hiéu qua cdc linh viee thoi s nhw kiém sodt va xir Iy hiéu qua méi trwong, chan dodn va
diéu tri trong y sinh ciing nhw ché tao va khai théc vit liéu nano va cong nghé.

Tir khéa: Dién hoa Iy thuyét; Thé dién cuc; Phan cuc; Dién hoa ung dung.
1. MO PAU

bién hoa hoc 1a linh vuc khoa hoc nghién clru sy chuyén héa nang lugng hoa hoc thanh nang
lwong dién va nguoc lai nén tuan thu cic quy ludt cia dién ciing nhu hoa hoc dé dam bao su bao
toan trong lwong va bao toan ning luong. Ly thuyét dién héa tao nhiing co s¢ dic thu so voi
phan tng hoa hoc vé méi truong “dung dich dién ly” chiéu huéng “nhiét dong” va van toc “dong
hoc” cua cac phan tmg dién hoa - phan ung giita giéi han pha 16ng- rin. Khac v6i do dan dién
ciia vat ran kim loai do electron hodc ban dan do 18 tréng, do dan dién cua dung dich dién ly
duge quyét dinh boi sy chuyén dong ciia cac ion. Pic trung nhiét dong hoc ciia cac phan tmg
dién hoa dugc thé hién bé“lng cac dang thé dién hoa con ddng hoc duoc dic trung bﬁng cuong do
dong dién. Nhitng quy luét co ban cua 1y thuyét dién héa di dinh huéng cho nhiéu linh vuc tng
dung khoa hoc va cong nghé nhu k¥ thuét phan tich va diéu khién, cong nghé ché tao vit liéu,
hoa chat, gia cong, xir Iy bé mit va bao vé vat liéu, mdi trudng ciing nhu ning luong.

2. PIEN HOA LY THUYET

bién hoa ly thuyét nham giai quyét cac co s¢ khoa hoc vé dung dich dién ly, nhiét dong hoc
va dong hoc.

2.1. Dung dich dién ly — hoat do va d9 din dién ciia dung dich di¢n ly [1-4]

Qua4 trinh hoa tan 13 sy phén tan cac chit trong chat 16ng nhu nudc dé tao thanh céc loai dung
dich that c6 d6 phan tan cép phan tir hodc dung dich keo va dung dich huyén phu, nhii twong voi
cép phéan tan hat 16n hon. Song khi cac phan tir dang mudi MeA phén tan s& bi phan ly trong
nude tao thanh cac ion duwong Me™ va ion &m A™ nén 1am léch cac quy luat héa hoc cua dung
dich nhu 4p suit thdm thiu, 4p suét hoi,... Tir Iy thuyét phan ly don gian trong dung dich dién ly
cua Arrhenius (giai Nobel 1903)[5] di giai thich dugc can bang axit — bazo ciing nhu dién ly
nude véi hing s dién ly nude K,=[H][OH]/[H,0]=10"* va pH cua dung dich dén ly thuyét
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dién ly cua Debye (giai thuong Nobel 1936)-Hiickel tinh dén cac twong tac giita cac ion hoic

tuong tac gitra ion voi dung moi va xac dinh dugc moi tuong quan gitra nong do voi hé so hoat

d6 trung binh di véi ion: lgf( ) = = —[z,z_]h,/j, trong d6, h 1a hing sb va J 1a lyc ion cta

dung dich dugc xac dinh: | = —E C; 21-2. Dbi voi dung dich nudc cia chat dién ly héa tri 1,1 tai
2

20 °C nong d6 0,01 mol/L hé s6 hoat do trung binh phu thudc vao nong do tinh duoc sé la:

lgf "= -0,507V/c.

Khi xét dung dich dién ly khong chi tuong tac ion - ion hodc ion - dung moi & trang thai can
bang nhu trén ma thuong ¢ trang thai khong cén bang lam bién d6i néng do (chinh xéac hon 1a
hoat d9) ma khong c6 su bién doi thanh phan hoéa hoc cia dung dich tir noi c6 nong d6 16n hon
dén noi nong do nho hon tao nén dong chuyén dong ion goi la dong khuéch tac (iy). Dong
khuéch tan tuan dinh luat Fick vai toc do dong khuéch tan phu thudc vao nong do: iy = -D;gradc;

dln
trong d6 hé s6 khuéch tan D; = deT(1+ - f‘) Mac khac, khi dat hé dung dich dién ly trong dién
truong s& xudt hién dong chuyén dong cac ion vé cac dién cyc trai ddu va tao nén dong dién
chuyén (iz) ty 16 voi nong do ion (¢;) va gradien thé dién hoa (grade) voi luc (U tac dung 1én
ion: iz = -

z . P e, , . . A s 14

; u;c;grade. Nhu vay, ion chuyén dong dudi tic dung cta gradien hoa thé va thé
L

dién hoa s€ tao nén dong ion s¢€ 1a tong ctia dong khuéch tan va dong dién chuyén: j = iy + iz.

Luong dién tich cation (z'€p) ciing nhu anion (z'€) trong 1 don vi thoi gian qua mét don vi dién

tich (A) dugc dic trung cho do dan dién cua dung dich dién ly: j = % =
+ -
dq A—;;iq = eo(z"Ngv™ + 2z N,yv7) voi g la dién tich, v = = ??R ® lathe d6 chuyén dong cua
I

ion vé6i 5 1a 46 nhé6t cua dung dich dién 1y va r, 1a ban kinh cua ion. Khi sir dung ndng dé mol thi:
j= z,FCE(U™ + u), véi F 1a hang s6 Faraday va u toc do chuyén dong ctia mol ion. Dé dic trung
cho tinh chat riéng cta dung dich dién ly thuong dugc st dung d6 dan dién riéng (x):
j + - \ A X A A 7 \ A X A
X = é = z.Fc(u” + u) va d6 dan dién dwong lugng: A = Z—m = i Vo1 Ay 1a @6 dan dién mol
e e
(@ 'mol™*cm?) ciia ion, trong do6, ¢ 1a ndng do chat dién ly.

Nhu vay, tur ly thuyet vé dung dich dién ly co s¢ khoa hoc co ban vé ndng d¢, hoat do, pH, do
dan dién da tro thanh nén tang cho sy phat trién vé 1y thuyet va ung dung cua dién hoa trong thuc
tién, dlqen hinh la xac dinh dinh tinh va dinh lugng nong d¢ céc chat, danh gia moi truong ciing
nhu kiém soat, di€u khién cac qua trinh phan Gmg héa hoc va dién hoa.

2.2. Co sé nhiét dong — Lép dién kép va thé dién cuc [6-9]
2.2.1. Lop dién tich kép

Bé& mit ranh gidi tiép xtc giita dung dich dién ly va vat din ran c6 vai tro rat quan trong trong
cac qua trinh dién hoa. Cau tao 16p tiép xtic nay da dugc H. Helmholtz goi 1a 16p dién tich kép
(16p Helmholtz) véi cac ion vé phia dung dich dugc xép thanh 16p song song trai dau voi dién
tich ciia bé mat vat dan ran kim loai (dién cuc). Phan bo luong dién tich (q) trong 16p dién tich
kép duogc xéac dinh theo phuong trinh Lippman (giai thuéng Nobel 1908): (g) Tpou — —q. Tu
phuong trinh Lippman va diéu kién trung hoa dién d6i v6i chat dién ly c6 ndng do khong doi s&
xac dinh dugc dién dung cta 16p dién kép © phu thudc vao nong d6 va ban chat ciia bé mat kim

loai va dung dich theo cong thirc: C = E ( )a Bang cach xac dinh duong cong dién mao

quan theo phuong trinh Lippman trén cac dlen cuc kim loai khi q = 0 ung véi gia tri dién thé
dién tich khong E,_ cua dung dich dién ly khong hoat dong bé mat nhu NaF, vi du: Hg: -0,193
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V; Ga: -0,69 V; Ph:-0,56 V; Cd: -0,75 V; Tl: -0,71 V; Sn: -0,43 V; In: -0,65 V; Bi: -0,38 V; Sh: -
0,15 V.

Tir mé hinh Helmholtz xem 16p kép nhu tu dién phang, dén mo hinh Gouy va Chapman xem
16p kép 1a 16p khuéch tan, mo hinh Stern két hop 16p phing va khuéch tan véi dién dung 16p kép
dugc tinh: =2 +

€ Cg cgc
Chapman. Khi tinh dén kich thudc, twong tac ciia dung moi va thé hip phu dic biét cua ion ()
trong 16p kep, Bockris, Muller, Frumkin, Erschler,... da bd sung vao md hinh 16p kép s& c6 16p
ndi véi chicu day bang ban kinh ion va 16p ngoai Helrnholtz Nhu véy, luong dién tich 16p kép:
g =-(qs + g2) vai q; 1a lugng dién tich cac ion bi hap phu trong 16p ndi lién quan dén ndng do bé
mat: d; = ziFA;, trong do, z; 1a dién tich cta ion c6 nong d6 Ai. Do lugng dién tich g va g; co thé
xéac dinh dugc bang thuc nghiém nén lugng dién tich 16p ngoai lién quan dén 16p khuéch tan véi

véi Cy 1a dién dung 16p Helmbholtz va Cg.c 1a dién dung 16p Gouy —

ndéng do ion: p=-q -0y = - A\,Zi c;o [exp (—%) — 1] . Tur day c6 thé nhan thiy véi sy
hép phu dac biét cua iovn, déu cta thé hz”ip phu ¢o thé nguoc voi thé bé mat. Nhu vay, di’én dung
cua 16p kép s€ la tong dién dung 16p ndi Helmholtz véi dién dung 16p khuéch tan:
1 dq dqgt
¢ d(eo—vy)  dy,

Nhu véy, tir cdu tao 10p dién tich kep gitra gioi han pha dung dich dién ly va bé mit dién cuc
kim loai qé co s¢ dé xac dinh lugng dién tich bé mat, dién dung 16p kép, sy hap phu vaéi theé hap
phu va thé dién tich khong.

2.2.2. Thé dién cuc

Dé dién tich ion hodc dién tir co thé chuyén tir pha nay sang pha khac cin phai ¢6 ning luong
tur thé nang. Cling nhu héa thé cta phiét dong hoc hoa hoc xét cho mdt phan tir khong tich dién,
nhiét dong hoc dién hoa xét cho phan tir tich dién trong dién truong nén nang lugng tu do Gibbs:
dG= -SdT+Vdp+E U dN +F Y. z; @dN; véi S: Entropi, V: Thé tich hé ¢: Pién thé, z: Pién
tich ctia cAu tir i va N 1 s6 cdu tir cta hé. Nhu véy, thé dién hoa ciia phén tir tich dién i duoc xac

dinh tir G xét cho pha « 12 kim loai hodc dung dich dién ly s& la: E = pi'+z;F®. Trén gibi
han pha dung dich dién ly - kim loai thé Galvani (Ega) phan anh dién thé cin bang trong mang
ludi tinh thé kim loai (KI) va trong dung dich dién ly (Dd) tuan theo phuong trinh Nernst (Nobel
1920): Ega=AKL= ¢! — P4 = (,uMz+ ,uMz+)/z F = const + 5 R InaMz+ Néu xét hé

dién hoa véi ca can bang dlen tir thi phuong trinh Nernst xac dinh thé dlen cuc E c6 dang: E = -

0”24 K _ RT . a"Dd oKL
—I K——I 7,, ki =E0-—Er17”§ it V01E0—-—InKkh|a. 1.
AnVB ZF a?
a’AalB.. YAqlB ..

2.2.3. Cdc logi thé dién cuc va thé dién cuc tiéu chudn

Thé dién cuc duoc phan loai: Loai 1 1a thé dién cuc kim loai v6i ion kim loai tan trong dung
dich nhu: Ag/Ag*; loai 2 1a thé dién cuc kim loai v&i 16p phu bang mudi kho tan cta kim loai d6
nhu Ag/AgCl; thé dién cuc khi 1a kim loai dwoc phu boi khi tiép xtic v6i ion ctia khi d6 nhur
Pt,Hy/H", thé dién cuc hdn hdng 1a hdn hdng kim loai voi thiy ngan tiép xtc véi mudi tan ciia
kim loai d6 nhu Hg(Cd)/Cd?*, thé dién cuc oxy héa — khir 1a hé phan tng dién cuc véi ion kim
loai thay d6i hoa tri do phan tng oxy hda — khir nhu: hé feri/fero, quynon/hydrquynon,... thé
dién cyc thily tinh 1a hé trao d6i ion H* giita dung dich dién ly va ion trong thiy tinh (TT):
Hj,/H 7. Pién cuc thiy tinh phu thudc vao nong df) H" nén dugc sir dung dé xac dinh pH cua

dung dich theo phuong trinh: Err = EZT + 2,303 —I H+ ~ EIT- bopH.
T

Gi4 tri thé dién cuc khong do dugc tryc tiép ma chi do gian tiép bang phuong phap bd chinh
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v6i cau Weston so sanh véi dién cuc dugc quy chuan, vi du thé dién cuc hidrd tai diéu kién
chuan duoc quy dinh la 0 mV. Sorvéi dién cyc hidré dién cuc calomen voi dung dich muoi KCl
bdo hoa (Hg/Hg,Cly/ KCIbh) c6 the la 268 mV, st dung cho cac dung dich trung tinh, di¢n bac
clorua (Ag/AGCI/H") co thé 12 222 mV hodc dién cuc thuy ngén sunphat (Hg/Hg,SO4/H") ¢6 the
l1a 616 mV st dung cho dupg dich axit, dién cuc thiy ngén 6xit (Hg/HgO/OH") ¢6 thé 1a 123 mV
st dung cho méi truong kiém.
Su khac nhau vé kha nang nhi¢t dong hoc dién hoa duge thé hién qua thé dién cuc tiéu chuin
cua cac phan ng dién cuc cua cac nguyén to khac nhau dugc trinh bay tai bang 1.
Bdng 1. Thé dién cuec tiéu chuan Eq ciia cdc phdn ung dién hoa
trong méi truong nuéce tai diéu kién chudn, 25 °C.

Pién cuc Phan g dién cuc Eo, V bién cyc | Phan tng dién cuc | Eo, V
Li/Li* Li* +e > Li -3,045 Rb/Rb* Rb"+e—>Rb -2,925
Cs/Cs" Cs"+e—Cs -2,823 KIK* K+ +e — K -2,295
Ba/Ba*" Ba®* + 2e —> Ba -2,906 Ca/Ca® Ca®*+2 —»Ca |-2,866
Na/Na* Na“ +e — Na -2,714 Mg/Mg®™ | Mg* +2e > Mg | -2,363
Be/Be* Be?* + 2e — Be -1,847 Al/AP* AP +3e 5 Al -1,662
Ti/Ti* Ti?* +2e > Ti -1,628 Zr/Zr** Zr* + de > Zr -1,529
VIV V¥ +2e >V -1,186 Mn/Mn®* | Mn* +2e —> Mn | -1,180
Zn/Zn* Zn* +2e > 7n -0,763 Cr/Cr* Cr¥*+3e—Cr -0,744
Ga/Ga** Ga’ + 3e — Ga -0,529 Fe/Fe®* Fe’* + 2e — Fe -0,440
cd/Cd* Cd** +2e > Cd -0,403 TUTI* T +e>TI -0,336
Co/Co* Co** +2e — Co 0,277 Ni/Ni** Ni%* + 2e — Ni -0,250
Mo/Mo** | Mo* + 3e — Mo -0,250 Sn/Sn* Sn?* +2e — Sn -0,136
Pb/Pb** Pb% +2e — Pb -0,126 (PYHS/H" | H" +e—1/2H, | 0,000
Ge/Ge”™ | Ge*" +2e — Ge +0,010 Cu/Cu®™ | Cu**+2e—Cu |+0,337
(Pt)O,/OH" | 1/20,+H,0+2e—20H" | +0,401 Cu/Cu” Cu'+e— Cu +0,521
Io/1- I, +2e > 2I +0,536 Te/Te™ Te* + de > Te +0,560
Rh/Rh* | Rh* +2e — Rh +0,600 Hg/Hg,”* | Hg,?* + 2e 2Hg +0,788
Ag/Ag’ Ag' +e > Ag +0,799 Hg/Hg** | Hg* +2e —»Hg | +0,854
Pd/Pd? Pd?* + 2e —» Pd +0,987 (Pt)Bro/Br | Bry+2e — 2Br +1,065
Pt/Pt?* Pt% + 2e — Pt +1,200 (PHCL/CI™ | Cl,+2e — 2CI +1,360
Au/Au* AU +e — Au +1,691 (POFJ/F | F, +2e — 2F +2,870

Gia tri thé dién cuc tiéu chuan cua cac dién cuc cho phép nhan biét kha nang cling nhu chiéu
hudng cua cac phan tmg oxyhda hodc khir cuia hé cac phan tng dién hoa. Bourbaix da biéu dien
su phu thudc cua thé dién cuc vao pH cua dung dich dé xac dinh co s¢ nhiét dong hoc vé do bén
an mon cua cac kim loai trong méi truong nudc. Nguyén tac chon ngudn dién dién hoa voi dién
the cao cling giu’qc dir}h hudng tir cac gia tri thé dién cuc, trong d6, hé nguon dién Li/F, sé cho
gia tri dién thé cao nhat v¢€ ly thuyét dén gan 6 V.

2.3. Co sé dong hoc: Téc dd phéan tng va sw phan cwe, qua thé [10-13]
2.3.1. Toc dé phan img dién héa

Cac qua trinh dién cyc 1a phan ing hoa hoc oxy hoa (O) — khu (R) di thé xay ra tren gi6i han

pha giita bé mat kim loai va dung dich dién ly do qué trinh chuyén dién tich: Me** otz &2
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Me(R)) Tuong tu nhu cac phan ung di thé cac phan ing dién cyc clng trai qua cac giai doan:
1) van chuyén chét tir long dung dich den dién cuc; 2) hap phu dé c6 dinh ion hogc phan tir trong
vung phan ung cua 16p dién tich keép tiép xuc truc tiép bé mit kim loai; 3) dé hydrat hoa hoac dé
ion hoa; 4) bién doi hoa hoc cac chat co kha nang cho nhan dién tir trén bé mat kim loai; 5) trung
hoa hoac tao ion bang qua trinh cho hoac nhan dién tu tr bé mat kim loai. bay thuc su 1a phan
mg dién héa hodc chuyén dién tich; 6) hip phu cac san pham dién hoa trén bé mit kim loai;
7) khtr hap phu cic san phim phan mg dién hoa; 8) chuyén dbi san pham phan tmg cho phan
g héa hoc tiép theo; 9) tich san pham khoi bé mit kim loai theo cach sau: a) khuéch tan san
pham vao dung dich; b) thoat san pham khi vao bot khi; c) két tinh vao mang ludi tinh thé cta
kim loai dién cuc; 10) chuyén kim loai bang khuéch tan vao trong kim loai (tao hdn hdng). Téc
d6 ctia phan tmg dién hoa s& duoc quyét dinh boi giai doan cham nhat ciia cac qua trinh néu trén.

Téc d6 cua phan tng dién hoa dugc do bang mat d6 dong (i, Acm?): i = zFv, voi v 1a toc do
phan tmg, z dién tich va F 1 hang s6 Faraday.

Gidng nhu can bang hoa hoc, ddc trung dong hoc clia qua trinh dién hoa trén dién cuc 14 trang
thai can bang giira phan tng ion hoéa (O - Qua trinh anot) va trung hoa (R- Qua trinh catot) khi:
Ap; = Au; + z; FAp = 0. Téc do cua cac phéan ung dién cuc:
Vo = ;—F = kycp [exp——] = vp = ;_F =
chat oxy héa, U, va Uc 1a ning luong hoat dong héa ciia qua trinh oxy héa va qua trinh kh.

U y . N N A A A , \
koco[— —R—;], vOi Cg VA Co 1a nong dd chat khir va

Khi thé dién cuc gita dién cuc va dung dich 1a Ag thi: U, = U2 — azFA¢@va
U.= U2 + (1 — a)zFAp. Vay tdc d6 cac phan dién dién cuc anot va catot tai can bang duoc
Ug—azFa(acb [ _ U2+(1—a)zFaqocb]

RT RT
thé dién cuc can bang Tai can bang giita phan g theo chiéu thuan (anot) va theo chiéu nghich
(catot) gia tri tuyét d6i cua tbe do phan umg bang nhau: |iq| = lic| = io Vi io tai cin bang giira

tinh 1&: ig = zFk,cg exp[— Jva i = zFk,cp exp , voi Apgp la

phan tng anot va catot dwoc goi 1 dong trao doi. Dong trao ddi (i, Acm™) cua dién cuc tai mot
nhiét d6 va hé dung dich dugc déc trung cho kha nang phan ing dién hoa cta hé dién cuc do,
vi du tai nhiét d6 phong dong trao dbi cua cac hé dién cuc nhu sau: Hy/H'(Hg/1,0 N
H,S0,)=5x10"; Ni/Ni**(2,0 N NiSO,)=2x107; Fe/Fe’*(2,0 N FeSO,)=1x10®, Zn/zn*(2,0 N
ZnS0,)=2x10"; Cu/Cu*(2,0 N CuS0,)=2x10";, Hy/H*(P/0,2 N H,S0,)=1x107 Na/Na*
(Hg/10® N N(CH3),OH+1,0 N NaOH)=4x10% Pb/Pb**(Hg/2x10° N Pb(NOs), + 1,0 N KNO3)
=1x10™": Hg/Hg*(2x10° N Hg(NO3), + 2,0 N HCIO5)=5x10"".
2.3.2. Su phdn cuee, qud thé

Tai thé can bang toc d6 ciia phan ng anot va catot bang nhau vé gia tri tuyét di nén khong
co sy thay dbi vé chat cua hé phéan ung dién hoéa. Khi co thé tac dong lam 1€éch khéi gia tri can
bang vé phia gi4 tri am s& c6 duge su phan cuc catot va nguoc lai 1éch vé phia duong s& co su
phan cuc anot. Su 1&ch thé khoi gia tri cAn bang ciia hé 1 phan Gng dién hoa thuin nghich con
dugc goi la qua thé (77): n= Ppc — Pcp- Nhu vay, khi co qua thé catot thi tdc dd phan tng catot
s& 1on hon toc do phan tng anot: io= i, — i, va tuong tu khi c6 qua thé anot: i,= i, — i,.
Tuong tu toc do cic phan ung dién hoa anot va catot khi c6 qua thé tuong tng s& la:

. Ug—azFAg, azF i (1—c)zF 1

iy = zFkjcp exp |—— o blexp[ o ] =i, exp[o o ] ic = igexp[— T] e
- 1-a)zF

do phan tmg dién hoa clia qua trinh: i = |is| — |ic| = ip{exp[+ ?] — expl[- w]} bay

13 phuong trinh co ban ham exponent mé ta su phu thudc cua phu toc d6 phan tmg dién hoa vao
qua thé: i = f(7) cho truong hop don gian véi dang do6 thi duge goi 1a dudng cong phan cuc nhu
hinh la. V&i truong hop qua thé cao s& co: i, ~ i, = kjcgexp[+ a;—;q] va
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—a)zFn

ic = i, = kzcoexp[— o

] trong g véi dudng cong 1b. Khi chuyén sang dang ham

c . 2R n s RTInk. . AN

logiric dé ¢o6 sy phu thudc: 7 = Igi sé c¢6 dang: 7 = —% + E Iniy =a' + b'lni, va
RTink; RT . . < A o )

) = 20 Inic = a’ + b'lni; hodc tong quat c6 dang phuong trinh Tafel:

(1—a)zF (1—a)zF
n = a = blgi c6 dang d6 thi nhu hinh 1c véi gid tri hing sé a dic trung cho niang lugng hoat
dong hoa va nong do ciia chat phan tmg con hang sb b dic trung cho hé s chuyén dién tich o do
16p dién kép quyét dinh.

Anodic current

™
®

4
\

o /.//AR 2 ~¥

Cathodic current

-l

Cathodic current '\

(a) (b)

la

[ER
(e

1c

Hinh 1. Cdc dang dwong cong phdn ciee doi voi cdc qud trinh thanh phan anot va catot (----) Va
tong (—); a) qua thé cao; b) qud thé thap; c) duong cong phdn cuc dang Tafel.

theo dinh luat Ohm dién

, Lo A Aea o1 NSt \ dr, N RT
trd qua trinh chuyén dién tich c6 thé xac dinh dugc la: Rp = (d—;’) iso Va R, = P
(4]

PSR S SR 1 3 -
Doi voi qua the thap sé co: iy x"R—Trf Vaip ~ —

V6i hé phan tng dién hoa nhiéu hon 1 qué trinh vi du don gian hé Me = Me®* + ze” va 2H" +
2e- & H,, thuong xay ra voi cac qua trinh an mon kim loai trong mdi truong axit. Khi hé cac
phén ung dién hoa dat trang thai can béng ffe +i f = r'g"e -I-I'g thi phén ung anot ctia hé chu
yéu la qua trinh hoa tan kim loai: I4 Me > ifl 4 con qua trinh catot chii yéu 14 phan u’ng thoat khi
hydro: I.C > i Me Gia tri thé va dong tai can bang cua hé dién hoa dugc goi la thé 6n dinh hodc
thé an mon @, = Psq = @4 va dong 6n dinh hodc dong dn mon kim loai: iy = isq = iap.

Phan cyc va qua thé déu 1a sy léch thé khoi trang thai can bé'lng cua h¢ dién hoa cia 1 phan
ung (qua thé:) hodc hé nbiéu phan tng dién hoa dong thoi (phan cuc) co y nghia quan trong trong
qua trinh diéu khién, ki€ém soat va thuc hién cac phan ing dién hoa trong tat ca cac linh vuc mg
dung. Cling nhu phén cyc va qua thé anot, catot cua qua trinh chuyén dién tich, sy phan cuc hodc
qué thé anot va catot clia cac giai doan quyét dinh toc do phan tmg dién hoéa khac nhu khuéch

tan, két tinh, hoa hoc ciing c6 ¥ nghia trong qué trinh kiém soat va didu khién cac phan ung dién
hoéa trong cac linh vuc ung dung.

3. PIEN HOA UNG DUNG VA CONG NGHE PIEN HOA

Truge déy, cac gido trinh dién hoa thuong dugc chia thanh 2 linh vyc: 1y thuyét va ung dung.
Song dién hoa tmg dung ngay cang phat trién phong phu ca vé chiéu sau 1y thuyét ciing nhu chleu
rong va quy moé trong cac nén kinh té, k¥ thuat nén linh vuc ing dung ctia dién hoa trong thuc té,
nhét 13 trong cong nghiép duogc cu thé hoa thanh dién hoa cong nghiép hoic cac ky thuat dién hoa
cu thé nhu: k¥ thuat ma, k¥ thuat phan tich, luyén kim di€n hoa,... Khi san phan cua dién hoa tng
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dung cang c6 quy md lén hang loat trong xd hoi s& xudt hién khai niém cong nghé

“technology”.[14] Véy cong nghé dwoc hiéu 14 hé thong nhiing kién thirc vé quy trinh cung voi ky
thuat, phuong phap, vat liéu cling nhu thiét bi, may moc tao dugc hang loat san pham giong nhau
v6i chat lugng ngdy cang cao va gia thanh ngiy cang ha. [15] Ttr nhimg hé thong kién thuc dién
hoa da dugc trinh bay trén két hop véi nhiing k§ thuat va thiét bi may moc twong tng sé& tao duoc
nhimg san pham c6 khoi luong va chat lugng ngay cang cao phuc vu cho xa hoi nhu cac cong
ngh¢: dién phan va tinh luyén l‘dm loai méu, dién phén nth tr muodi ndng chdy, cong ngh¢ ma,
son phu dién di, cong nghé nguon dién ché tao pin, ac quy dén cong nghé nano dién héa.[16-20]
3.1. K¥ thuét phén tich dién hoa [21, 22]

,Kif thuét phéan tich dién hoa nham xac dinh dinh tinh tir gia tri thé dién cuc va dinh lugng cac
chat cling nhu qéc dac tiph cua cac phan tng dién hoda dya trén cac quy luat cﬂq cac hé dién hoa
da t6 ra c6 nhiCu loi thé nho kha nang dién tr hoa cac phuong phap do nén rat thuan tién cho
viéc ché tao cac thiet bi do c¢o dinh hoac co dong ciing nhu ty ddng hoa.

Phuor‘lg thire va muc tiéu cia k¥ ‘thl‘lélt phan tich dién hc’;a la cac gia tri dinh luong can xac
dinh 1a nong d(f)z the tich (quy dqu ve nér}g dd) hoac dién the co gid tri dinh tinh. Cac tin hi¢u do
dugc la dién the (E), ty 1¢ dién the voi the tich (dE/dV), dong dién (1) va ty 1& dong dién véi thoi
gian (dl/dt), dién luong (Q=It), khoi luwgng chat (m) hodc cac dai lugng dién lién quan nhu tan so
(), dién tré (R), d6 dan (y) hay tong tré (Z).

3.1.1. Phan tich dinh tinh va dinh lwong thanh phan cdc chat tham gia phan g dién héa
3.1.1.1. Phan loai cac phuong phap phan tich dién hoa

C6 thé phan loai theo nhoém cac phuwong phap phan tich dién hoa can ctr vao cac dac tinh cua
tin hi€u dong va diér} the dat vao hé Eiién hoa can phan tich nhu bang 2 vdi cac hé dién cuc dp,
tin hiéu do, gia tri can do va dang d6 thi tuong ung. Cac phuong phap phan tich dién hoa déu
xuat phat tir co s& f:ﬁa cac phuong trinh nhiét dong va ddng hoc nhu: Nernst, Fick hodc cac
phuong trinh qua the.

Bing 2. Nhém cdc phwong phdp phan tich dién héa dé xdc dinh nong dg truc tiép
hodc gidn tiép (cq) tinh tir thé tich hodc tir phirong trinh twong quan.

Tin hi€u Tén phuong phap Hg dién cuc do Tin Do 16n can | Dang db thi
dat hiéu do do
Potentiometrie Chi thi-so sanh | E Nong do, ¢ | E =f(lgc)
Diff. Potentiometrie 2 dién cuc chi | E Nong do, ¢ | E =f(lgc)
1=0 thi
Chuén do dién thé Chi thi-so sanh | E Thé tich, V | E = f(V)
Chuén d6 ngugc Chi thi-so sanh | dE/dV | Thé tich, V | dE/dV=f(V)
Chuin d6 dién thé 2 lan | Chi thi-so sénh | dE%/dV? | Thé tich, V | dEZ/dV*=f(V)
nguoc
Chuin d6 dién thé, | Chithi-sosénh | E Thé tich, V | E = f(V)
I=const
10 Chudn d6 dién thé c6 | Chithi-chithi |E Thé tich, V | E = f(V)
phan cuc
Galvanocoulometrie Chi thi-so sanh | Q=klt
Chronopotentiometrie Chi thi én dinh | E Thoi gian, t | E = f(t)
Amperometrie Chi thi-so sanh | | Nong do, ¢ | 1 =1(c)
Chuan d6 Ampe ké Chi thi-so sanh | | Thé tich, V | I = f(V)
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E=const | Chronoamper Chiti on dinh | | Thoi gian, t | | = f(t)
Potentiometriecoulometry | Chi thi-so sanh | Q=kIt
Cuc phd (Polarographie) | Chi thi-so sanh | | Dién thé, E | | = f(E)
E=f(I) | Voltametrie Chi thi-chi thi | | Pién thé, E | | = f(E)
Cuc pho xoay chiéu Chi thi-chi thi | lac E + Eac | = f(E)
Cuc pho Ocilographie Chi thi-so sanh | dE/dt | Nong ~ d¢, | dE/dt = f(t)
Cqt
Cuc pho dién thé chuky | Chi thi-so sanh | I=F(E) | Nong 4o, | 1 = f(E)
Cqt
Cuc phd xung Chi thi-so sanh | I=F(E) | Nong ¢, | I =f(E)
Cqt
b6 dan 2 dién cuc % Nong do, ¢ | R=f(c)
Chuén d6 d¢ dan 2 dién cuc x Thé tich, V | R = f(V)
Khac Electrogravimetrie Dién cuc catot | m Trong
lugng

3.1.1.2. Su mé rong va phat trién phuong phép cuc phd

Phwong phéap cuc phd dugc Jaroslav Heyrovsky (Nobel 1959) phat minh dé ghi duong cong
phan cuyc tir xac dinh su phu thude dong (1) vao dién thé (E) ctia cac phan tng dién hoa voi hé do
1a catot giot Hg c6 duong kinh 0,5 +1,0 mm ton tai trong thoi gian 2 + 4 gidy va roi trong dung
dich dién ly c6 do dan dién cao vao anot Hg c6 bé mit rat 16n so véi dién tich bé mit giot thuy
ngan. Str dung dién cuc Hg dang giot ¢6 nhidu uu diém nhu: bé mit giot luén d6i méi, rat sach
nén khong c6 hiéu g héap phuy, khong c6 dbi luu tw nhién, qua thé phong dién nhé cho nhiéu ion
kim loai, nhung qua thé phong dién cua hidro 16n va Hg dé tao thanh hdn hong v6i nhidu kim
loai. Véi diéu kién nay c6 thé xem nhu: E = const va véi giot thuy ngan dang cau 16p khuéch
mong so voi ban kinh giot ta co thé tinh duoc tir cac phuong trinh dong hoc khuéch tan vé sy phu
thudc cua dong (1) vao néng d6 trong dung dich (Cy), n@)ng do trén bé mat dién cuc giot Hg (Ce)
va thoi gian (t) theo khéi lugng (M) vdi ty trong Prg = 13,6 glem? s& c6 dang:

2 2

= !
I = nﬁ 41 (i)g (m?t)g t 2(cy — c,) = 0,0048nF(Co-co)D/2m?/3t1/5 Vi dong ting

theo thoi gian va tang dién tich bé mat giot thiy ngan nhung giam do chiéu day 16p khuéch tan
nén Ilkovic tinh theo dong gi6éi han trung binh do dugc (Iyn) khi c. = 0 la: Iy =

607nc,D */2m?/ 3t 1/6 . Do ¢6 phan tng phu cia O, va dong dién dung cua 16p kép anh huong
nén qué trinh nghlen clru mo rong va phap trién phuong phép phan tich cuc pho nham han ché
hodc khic phuc cac anh huong trén dé giam thoi gian phan tich, tach cac chét va tang do nhay
ctia phuong phap. Véi su tién bd cua ki thuat dién tir, c6 thé hién thuc hoa viéc phat trién
phuong phap cuc phd theo cac ki thuat sau:

Cuc phd do nhanh (rapid polarographie) dugc thuc hién nhd thiét bi g rat ngin thoi gian treo
giot Hg con 0,2 + 1,0 gidy va thoi gian do con 30 gidy. St dung oszilograph c6 thé tang toc do
quét thé dén 107 giay.

Phu dong xoay chiéu v61 U~ 10 mV [én dong 1 chiéu khi do c6 thé ting do nhay cta phuong
phap cuc pho 1én hon 10 lan.

Cuc phd xung vudng co thé diéu chinh bién d6 AE, thdi gian (t) twong tng voi chiéu rong
xung khi tio: 0,5 + 5 gidy va do dong khi cudi xung tc'“” = 1020 micro giay (t, = 50 micro
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gidy), khi d6, dong dién dung sé& rit nho nén d6 nhay c6 thé ting dén 100 lan.

Cuc phd xung vudng vi phan nhd két hgp xung vudng véi tang thé lién tuc: AE = 10+ 100
mV va do tru6e va cudi xung nén tach duge dong dién dung ra khoi dong Faraday nén d6 nhay
tang dén 1.000 14n va c6 thé xac dinh nong do dén 10 M viing ppb.

Cuc phd ngugc do kim loai tao thanh hdn héng véi Hg nén méi quan hé néng d6 2 pha s& nhur
nhau va phuong trinh Ilkovic ciing ¢6 gia tri cho ca phia hon hong. Vi ky thuat két tia kim loai
lén dién cyc Hg, nghi va hoa tan dé do cho dién cuc giot Hg hoac mang mong Hg co thé ting do
nhay 1én dén 10.000 1an va xac dinh nong d¢ dén ving 10° = 10 M.

3.1.2. Phirong phap phan tich ddac tinh cua cdc qua trinh dién hoa
3.1.2.1. Phuong phap dién cuc quay

Ky thuat nghién ctru dién hoa bang dién cuc quay dang dia quay hodc dia voi vanh khuyén
quay khong nham phan tich dinh tinh hodc dinh luong chat tham gia phan tng dién hoa ma gop
phan xac dinh dmh tinh dang phan tng dién hoa nhu khuéch tan, hap phu hoic co ché cc phan
{mg dién hoa nbi tiép, song song ciing nhu d6 bén cua cac san pham trung gian.

Véi dién cuc dia quay viée tach qua thé phong dién va qua thé khuéch tan s& rat dé dang va
Lewis da tinh dugc chiéu day 16p khuéch tan (Sy) qua su phu thudc vao tan sé quay (w):

B N E0,36 _ A
Sy = 1,616 \E \/;(1+0,354)( . )T

Vi dién cyc dia cing vanh khuyén quay véi ban kinh dia (1), ban kinh vong cach dién (r2)
va ban kinh vanh khuyén (r;) Frumkin da xac dinh hé so0 chuyén hiéu dung Ny =
(Ngia ucng/nmng d"a) v6in 1a sb dién tir tham gian phan tng dién cuc ¢ dia va vong voi cac
gid tri ty s6: (ri/ry), (ra/rz). Gid tri No s& ting khi chiéu day twong ddi cua 16p cach dién giam
twong tmg véi (r/ry) ting hodc (r,/ry) giam. Néu No < N¢f thi san pham trung gian dugc tao ra &
dia khong bén va phan huy ngay trén dudng dén vang khuyén. Do 16n ctia AN, s& 1a do 16n cia
tbc d6 phan huy san phdm trung gian. Bruckenstein dé xuét hé sé chian S=I vong /1 E%Z nghia la sé&
c62 pl}én, phan chuyén tir dia ra vong s& tuan theo h¢ s6 chuyén hiéu dung (No) con phan tir dia
vao thang dung dich s€ ty 1é v&i hé so chan (S). Mbi quan hé gitra S va Ny theo phuong trinh:

gh

2/3 i )
S + (No/ﬁz’fg) =1 véi p2/® = (2)3 — (2)3 = T;;t‘g. Bing cach xac dinh sy phu thudc

!
dia ) f( ) dé nhan dugc cac dang dd thi phan anh do bén cua cac san phim trung gian va

co che cua phan {rng dién hoa song song hay ndi tiép.
3.1.2.2. Phuong phap tong tr&

Phuong phap do téng trd ciing xac dinh duoc dic tinh ciia cac qua trinh dién hoa nhu: khuéch
tan, phong dién, phan Gmg hoa hoc hay hip phu trong 16p kép bang cach ap vao hé dién hoa mot
dao dong xoay chiéu hinh sin c6 tan sd gbc (w), bién do nho (V). Khi e”iy su phu thudc cia dong
trung binh ((/) vao qué thé (5) c6 dang: I = I,sin(et + #). Vi diéu kién bién | > 0 va 5 nho, giai
phuong trinh khuéch tan s& c6 sy phu thugc ctia qué thé vao mat d6 dong phong dién (i) va tan
s6 goc (w), ndng d6 chat oxihoa (Coy), chat khir (Ckn) va hé sé khuéch tan cua cac chét oxihda —
khtr trong tng (Doy), (Dkn.) c6 dang:

1 1

RT([1 o 2
77:—{[_— —] ipsin ot + ,_rpcosc)t} v6i h¢ s0 0 = — —_—
nr nFy2e nFy2 Cox.y/ Pox. 2¢gh+ Prh.

\ \ r A 1A A \ A 3:a 2 oA . ST RT
Tir phuong trinh c6 thé nhén thay, thanh phan dién tré ciia yéu to phong dién 1a: Zp,; = —econ
: nFig
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,—) Zpg + Zki. Khi

\ A \ cas A LA £ , v LA ) ~ 1s RT .1
thanh phan con lai 1a yéu to khuéch tan va tong tré (Z2) s€ 1a: Z = — (_— "FVas

biéu dién d6 thi ham Z = ( ) qua xir 1y ctia thiét bi do s& nhan dwoc d6 thi md ta: qué trinh

phong dién voi vong tron khep kin, qua trinh khuéch tan khi vong tron khong khép kin ma tao goéc
45°, va dién dung 1ép kép: C = 1/Zpd w. Tir két qua thu duoc c6 thé thiét 1ap cac so ¢ mach véi
tong trd va dién dung tuong duong dé mé ta cac qua trinh dién hoa phirc tap xay ra trén dién cuc.
3.2. Ky thuit diéu khién bang dién hoa

Ky thuat diéu khién cac qua trinh cong nghé dua vao co s cac kién thirc dién héa da hinh
thanh hudng ché tao cac linh kién dién hoéa sir dung céc quy ludt cta hi€u tng ion [23] la diém
khac biét voi linh kién dién tir dya vao hiéu tmg ciia electron. Tuy khong thé thay thé linh kién
dién tir, linh kién dién héa co uu diém loi thé khi dugc str dung ding voi cac qua trinh: ¢6 tan s6
thép, sinh hoc, hoa hoc phure tap, nhay véi nhiét do, thuan nghich va khong thuan nghich, ciing
nhu ¢6 thé ty tao nang lugng dién.
3.2.1. Cac chirc nang

Céc quy luat ctia qua trinh dién hoa nhu dinh luat Faraday, phuong trinh Nernst, qua thé va
dién dung s€ dugc st dung cho cac churc ning cu thé 1a: két tia catot va hoa tan anot cho chirc
nang chi thi va role thoi gian; qua trinh chuyén dong ion cho chirc ning transistor; tao mang oxit
hodc 16p phu cach dién cho chirc ning condensator, van dong mo; két hop hiéu tmg khuéch tan
v6i thu dong va khir thy dong co thé sir dung cho chirc ning senso, hiéu tng thuan nghich cho
chtrc nang diot.
3.2.2. Linh kién dién hoa voi dung dich dién ly

Céc senso st dung trong moi truong dién ly tiéu biéu nhu xac dinh pH, d6 dan dién cia moéi
truong nudc co ¥ nghia rat quan trong trong san xuat va doi song [24]. Thong qua xac dinh pH tu
ndéng d6 H* bang dién cuc thiry tinh va do dan dién (y = 1/R, Sm™) béng 2 dién cuc Pt phing
hinh vuéng dién tich 1 cm? song song trong khéi hop 1ap phuong 1 cm®. Pé giam anh hudng cua
su phan cuc hé 2 dién cuc dugc do bang dong xoay chiéu tan s cao hodc ding hé 4 dién cuc véi
dong xoay chiéu hay xung vudng vdi R = (E,-E4)/(1,-11) voi (E) 1a thé cua cap dién cuc thi 1 va
thir 2 va (1) 1a dong qua hé thir 1 va thir 2. Kha ning xac dinh va kiém soat pH ciing nhu d6 dan
dién cua dung dich khong nhiing gitip kiém tra, danh gia hién trang, chét lugng méi trudng nude
ma con c6 thé diéu khién cic qua trinh cong nghé hoa hoc va xir Iy moi truong.
3.2.3. Linh kién dién hoa voi gioi han dién cuc dung dich dién ly

Linh kién dién hoa thuong sir dung cac qua trinh dién hoa xay ra trén gioi han dién cuc —
dung dich dién ly nhu cac dang role thoi gian, Coulometer do dém dién, transistor, diot, senso
luu trir thong tin b;‘ing Kkét tua hoac hoa tan ciing nhu senso cac khi Hy, O,, CO,, CO, CH,4, SO,,

H,S, NHs;, HCI, Cls, COCIZ, 0O;, 803, COS,... Role thoi bémg qua trinh hoa tan anot Cu trong

mdi truong HCIO, két hop vai ngudn dy tru he PbO,/HCIO,/Cu dé dong kip nd cho ngoi hen
gio. Qué trinh hoa tan anot ctia day dong chi xay ra khi dung dich dién ly (HCIO,) tiép xtc véi
hé dién cuc PbO,//Cu. Thoi gian hen gid (t, phut) chi phu thude vao dién trg thiét ké (R, Q) cla
mach diéu khién dugc tinh: t = (nNFmM)/MI = 0,122946D2h(R+r)/E, khi cac théng s6 khac ciia
phuong trinh Faraday ddi véi qua trinh hoa tan anot Cu c¢6 hoa tri (n) va phan tir lugng cia Cu
(M), hang sb Faraday (F), kh6i lugng (m) dugc quyét dinh boi duong kinh (d) va chiéu cao (h)
ctia day ddng va ty trong (p) kim loai Cu ciing nhu ndi tré ciia dung dich HCIO, (r) va thé (E)
ctia pin dy trit PbO,/HCIO,/Cu dugc giit khong dbi. Thoi gian luu giit ctia ngdi hen gio rat dai va
thoi gian hen theo nguyén 1y an mon dién hoa két hop pin du trit chinh x4c hon ngdi hen gid theo
cac nguyén 1y co hoc va hoa hoc dén 5+ 6 lan. Piéu d6 dam bao do an toan va hiéu qua sir dung
rat cao [25]. Céc role thoi gian dua theo dinh luat Faraday két hop vé6i cac nguyén 1y trong luc
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tao thanh cua Hg dugc két taa hoac két hop véi bot khi H, thoat ra trén catot cling dugc st dung
cho qua trinh ty dong hoa cac qua trinh cong nghé.

Coulometer khong nhiing 1a phuong phap phéan tich dién hoéa Coulometry ma con la senso do
dém, xac dinh luong chit va luong dién tham gia vao qué trinh phan tng dién hoéa va cong cu dat
luc dé tu dong hoa bod sung chét cho qua trinh san xudt 6n dinh.

Cung voéi su phat trién cua ky thuat va vat liéu nhét 13 vat liéu nano céc senso dién hoa cling
dugc nghién ciru phat trién dac biét vé kich thudc va méi truong hoat dong y sinh [26]
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ABSTRACT
ELECTROCHEMISTRY FROM THEORY TO TECHNOLOGY AND APPLICATION

Electrochemistry is the field of science and technology that intersects chemistry and
electricity, so there are many applications in science and life. Oxidation — reduction
reaction on electrode in electrolyte is peculiar to electrochemistry. The theory of
electrolyte clarifies the law of ionic conductivity, while thermodynamic clarifies the
structure of the double - layer above the interface between solid electrode and
electrolyses as well as the thermodynamic role of the types of electrochemical potentials,
especially electrode potentials while the Kkinetic of electrochemical reaction are
determined by the current density and controlled by the rule of electrodic processes with
the overpotential and polarization. The laws of electrochemical reactions are applied to
the development of the analysetechnique of qualitative and quantitatives of materials as
well as the characteristics of electrode reactions. Electrochemical reactions have also
been the basis for the formation of electrochemic components on the basis of the laws of
ion transport and the scope of control of processes by electrochemical sensing. The
advantage of using electrochemistry to transform into energy chemistry has been exploited
in the technologies of manufacturing all nonferrour metals, inorganic, organic chemicals
and pharmaceuticals. Metal material processing methods as well as protection, addition
of functions to metal surfaces as well as anti-corrosion of metals by electrochemical
technology also create special effects. The electrochemical power source for the
production and storage of electrical energy is also of great importance and value as the
basis for the modern development and intelligentization of all sectors of society.
Electrochemistry also contributes to rapid and effective access to current areas such as
environmentally effective control and treatment, diagnosis and treatment in biomedical as
well as the manufacturing and extraction of nanomaterials and nanotechnologies.

Keywords: Electrolyte; Electrode potention; Current density; Anodic process; Cathodic process.
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