Lecture Note #7 (Fall, 2020)

Electrodeposition

Electroplating

Electroless plating

Conversion coating

Electrophoretic painting

Other related surface-finishing technigques
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Fuller & Harb (textbook), ch.13, Pletcher & Walsh (ref.), ch. 8, Paunovic, & Xl



Electrodeposition

- The reduction and deposition of an electronically conductive species at the
cathode of an electrochemical cell

- A shorten form of ‘electrolytic deposition’
- used for depositing metals on surfaces (electroplating, metal finishing) etc
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Figure 13.1 Illustration of an electroplating cell with a consum-
able anode.
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Electroplating (metal finishing)

« To modify the surface properties by the deposition of a layer of another
metal or a polymer, or by formation of an oxide film

« To enhance the value by improving their appearance, corrosion
resistance, particular physical or mechanical properties to the surface
(e.g. electrical conductivity, heat or wear resistance, lubrication or
solderability)

« To make possible the use of cheaper substrate metals or plastics
covered to give them essential metallic surface properties

« Obijects of everyday life (e.g. car components, kitchen utensils, food
cans, metal window frames), electronic components (e.g. printed circuit
boards, capacitors, contacts)



Electroplating

Substrate and coating metals

« Coating metal: metals(Cu, Sn, Ni, Cr, Zn, Cd, Pb, Ag, Au, Pt) and
alloys(Cu-Zn, Cu-Sn, Pb-Sn, Sn-Ni, Ni-Co-Ni-Cr, Ni-Fe), metal-
polymer or metal-ceramic composite(metals containing dispersed
solids such as PTFE, Al,O,;, WC, diamond, SIC, Cr;C,, graphite)

« Substrate: metal, alloy, polymer, ceramic, composite

Fundamental of electroplating
« To prepare a deposit which adheres well to the substrate and which
has mechanical, chemical, and physical properties

* Principle of electroplating

« Essential components of electroplating

(1) Electroplating bath containing a conducting salt, the metal to be
plated in a soluble form, a buffer, additives

(2) Cathode to be plated

(3) Anode which may be soluble or insoluble

(4) Inert vessel to contain (1), (2), (3), typically, e.g. steel, rubber-lined
steel, polypropylene, PVC, and so on

(5) d.c. electrical power source
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Fig. 8.1 Principle of electroplating.

* Reaction at the cathode, M™ +ne-— M
* Anode reaction (in case of the dissolution of the same metal to its
precursor in solution), M — M"™ + ne-
Inert anode (insoluble, e.g. platinized titanium (in acid), stainless steel
(in alkaline): metal ion has to be added as a salt, a main anode reaction

IS oxygen evolution
Pletcher, ch.8



Faraday’s law and deposit thickness

- total amount deposited is directly related to the amount of charge passed
- Mass of the deposit
m. = M.Q/nF
- Charge passed, Q
Q=] ndAdt
ns: the faradaic efficiency for the deposition reaction at cathode
- For constant current density, area, faradaic efficiency
Q = ndAt = nt
- Thickness of the deposited layer, L

L=m./pA=Mndlt/pAnF

- Average deposition rate: L/t



cf. Pletcher
» Mass of electroplated metal in terms of Faraday’s law of electrolysis

¢Mgq
nF
M: molar mass of metal, ¢(<1): cathode current efficiency for metal

deposition, qg: electrical charge, F: Faraday constant (96485 C/mol), n:
number of electron n per mole of M™ — a higher

w =

« Batch process: constant current density | for time t

Average rate of mass deposition per unit area
w_ olM_Iy,M

At nF nF
— rate of deposition o< M, 1/n, ¢

« Electroplating thickness x, x/t=@IM /pnF, p: mass density
« Cu in acid solution, Cu?* + 2e- — Cu
Cu in alkaline cyanide solution(Cut*), [Cu(CN),]* + e — Cu + 2CN-

« A higher deposition rate for a low oxidation state

« Current efficiency in electroplating baths, 0.9 < ¢ < 1, excepting Cr
deposition from chromic acid (0.05 < ¢ < 0.20, due to hydrogen
evolution)



Electrodeposition fundamentals

- different morphology with different conditions

Figure 13.2  Examples of morphologies of copper deposits grown at (a) 60, (b) 1200, (c) 2400, and (d) 5000 A-m~2. (From A. Ibafiez and E.
Fatds (2005) Surface & Coatings Technology, 191, 7-16. Reprinted with permission from Elsevier.)
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- Real surfaces have a variety of defects
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Figure 13.3  Schematic diagram of the
structure of a crystal face with a simple

cubic lattice. Source: Adapted from
Budevski 1996.
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Figure 7.10 Model of an electrochemical deposition process: (1) charge transfer of an ion in the
PI eth electrolyte to an ad-atom position, (2) surface diffusion of ad-atoms, and (3) transfer of an ad-atom
I into a step or kink position.



- e.g. growth in dislocation defects : deposition can continue in a spiral form
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Figure 13.4 Spiral growth around a screw
(© (©) dislocation during deposition of a metal.

and John N. Harb.
iy John Wiley & Sons, Inc.
lengineering
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Figure 13.5 Crystallographic copper deposit showing macro-
spiral growth. Source: Reproduced with permission of German
Bunsen Society.
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Formation of stable nuclel

- Nucleation : the formation of new sites or nuclei from which deposition may
occur, and it is a critical aspect of electrodeposition
- Gibbs energy of cluster formation of N atoms

AG(N) =-Nzq|n,| + @(N)

15t term: the change in the electron energy due to the difference in potential
between the metal and the solution. Always negative under deposition

2" term (¢@(N)): the excess energy associated with the formation of cluster.
Always positive



& 1): Formation of a new phase : nucleation and crystal growth

vapor — liquid drop

~

solute in a liquid — crystal P 4‘/\ - @
- o o vaper [fgud
- In the initial stage of condensation a liquid drop of radius r is formed from a Ao

supersaturates vapor i

- Small drop has a high vapor pressure — it tends to re-evaporate — 7— . /;a‘ég
- Therefore, only droplets of a radius greater than a critical radius r, (embryo) survive //// ///
and grow. (’ J& (,Vy)f‘t
- This process is called nucleation and the nuclei grow in time. Selu

9 v o

\7%/
: : : Y
Consider the free energy change in nucleation of a droplet from a vapor. - &
Y enaig P g T [
nA (gas,P) — A, (small liquid drop, r) so 17d  Hiin ﬁ“m
AG = -nRT In(P/P,) + 412y M= molecular weight, p = density
= -(4/3)T3(p/M)RT In(P/P,) + 4Trr2y P, = equilibrium vapor pressure

P/P, = degree of supersaturation

a/(A?)/a/r:o at r=r
fo = 2% Via/RT((F/Ps)

This means there is always a free energy barrier of
AG,, =16 Ty V,,, /3 [RT In (P/Py)]?
which is overcome by thermal fluctuation.

AG (total)

* Related concepts
artificial raining: spraying dry ice particle in the damp air
seeding in crystallization: adding a crystal seeds in a supersaturated solution




£ 11 Nucleation theory

-The change in Gibbs energy upon forming a spherical cluster or droplet
of radius r from N atoms (or molecules)

— _ N , .2
AG =—-N Au+4nry (7.5.1)

— chemical potential change brought about by the phase transformation
of N atoms into a sphere with a surface energy given by the 2" term

-Number of atom in the clusters and the radius are related by

A 13N, p 4
N = AP _ T35 (7.5.2)

where N, 1s the Avogadro constant, p the mass density, M the molar mass, and p the number density.
-Combining (7.5.1) and (7.5.2) and differentiating with respect to either N
or r — values for the size of critical classical nucleus

32 wy3 P 2y

3p2Ad and  © PAn

-Critical radius r, — the smallest structure for which the probability of
growth is greater than that of decay

-r. —(7.5.1) — energy barrier to nucleation NG 47 r2y

max '%

i'Vc =




3-dimensional nucleation
@(N) = Ay
A.: surface area of the 3D crystal, y: average specific surface energy (Jm)
-Volume of cluster, V=V _N, V_: the volume of one atom in the lattice

A2 =BV? (for spherical shape, B = 36mn)

¢@(N) = Ay = BY/3y2/3y = (B1/3Vm2/3v)Nz/3
Gibbs energy of cluster formation of N atoms in 3D

AG(N) =-Nzq|n,| + (BY3V _2/3y)N?/3 (13.8)



Fig. 13.6

- surface energy term (¢p(N)) is positive o
And dominates at low N % 100
-first term is negative and dominates x
At high N 5
—> AG(N) has a maximum at a particular g ’
N % l\Icrit 3_100
- Cluster size > N_;; = [
spontaneous growth 0 20 20 40 50 80 70 80 100
-Two different overpotentials: Number of atoms
At higher n, > lower N, A L B
(increasing overpote ntial = radius), y=0.1J-m™7, z= 1, atoms and clusters assumed spherical.
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- differentiating (13.8) & setting zero, ~ N_; 3= (8BV, ?v?) / 27(zq|n,|)?
—> in Fig. 13.6, N, = 83 and 10 atoms

- Gibbs energy of cluster formation at N,

AG(:rit,3D = (4va2v3) / 27(Zq | nsl )2 - (Ncritzq | ns I ) / 2 (1310)



2-dimensional nucleation

In 2D, surface area - perimeter (P)

£: average specific edge energy (Jm2)

-Area of cluster, A, = QN, Q: the area of one atom on the surface
—> P2 =4bA,, b: constant of proportionality

¢@(N) = Pe = 2e(bQN)Y/2
Gibbs energy of cluster formation of N atoms in 2D
AG(N) = -Nzq|n,| + 2g(bQN)Y/2 (13.13)
Nerit. 20 = (0Q€?) / (za | n, )

A(;(:rit,ZD = (bQEz) / (Zq | nsl ) = Ncritzq | r]sl (1315)

- 2D growth - 2D monoatomic layers - UPD (underpotential deposition)



UPD (underpotential deposition)

- 2D deposition at potential below that needed for sustainable deposition
onto a native metal substrate

1. Overpotential deposition, OPD:

E <EM/M™), AE <0
2. Underpotential deposition, UPD:

E > E(M/M"™), AE>0

One interesting example of UPD deposition is deposition of Cu on Au(11 1) sub-
strate. Figure 7.21b shows a cyclic voltammogram of Cu~UPD on Au(111) sub-
strate, and Figure 7.21a shows a cyclic voltammogram of Au(11 1) electrode
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, P ) ions, 1072 M CuSO, (bottom). ] .
500 1000 1500 2000 (From Ref. 40, with permission PaunOV|C SChIeS|nger

E/ mV (NHE) from the ELectrochemical Society.)
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Figure 4.27 Cyclic voltammogram of UPD of lead on a Ag(111) surface.®” The reference
potential E, is the Nernst potential of a lead/lead ion electrode in the same solution. 5 X 10~* mol-
dm™ Pb(ClO,),+35 % 107" mol-dm™ NaClO, + 5 X 107% mol-dm™* HCIO,, 25°C. Scan rate
0.42 mV-s~!, (Reproduced with permission from Ref. [60], © 1978, Elsevier.)

7nm 7 nm

Figure 4.33 Cyclic voltammogram of UPD of copper on a Au(111) surface.”® STM images at
different potentials of the CV. 107° mol-dm * CuSO,+5 X 1072 mol- dm™* H,80,, 25 "C.
(Reproduced with permission from Ref. [63]. © 1995, Kluwer Academic Publishers.)

Plieth



Cu UPD on Au(111) & Pt(111)
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Figure 6.1 Cyclic voltammetry of Au(111) electrode before (dotted line, at 10 mV/s) and after

(solid line, at 2 mV/s) addition of 1 mM CuSO, in 0.1 mM sulfuric acid solution. Scan rates are
shown in the plot. The corresponding LEED structures are assigned at each potential region.

[ Figure 6.6 Cyclic voltammetry of Pt(111) electrode before (dotted line) and after (solid line)

| addition of 1 mM CuS0j in sulfuric acid solution. Concentrations of sulfuric acid are (A) 50 mM,

and (B) 0.1 mM. Scan rates are 50 mV/s, 10 mV/s in 50 mM and 0.1 mM sulfuric acid solution,

respectively, and 2 mV/s for UPD CV.

Sung, Ph.D thesis



Nucleation rates

-Nucleation rate, J (cm:s) : rate per area of nuclei formed on the surface

J=A, exp (-AG_,,/kT)

crit

-For 3D, J=A,;exp [- (4BV, 2y3) /27(zq|n,|)?kT]
-For 2D, J=A,;exp [- (bQe?) / (zq|n | kT)]

400
- Nucleation rate vs. overpotential : -
{7’; 300
rapidly JI* over narrow range 2 :
(in Fig. -0.080 to -0.105 V) g 20
_ _ S 150
< |Ngie| (@td=1(1cm2st)) §
Z sof

J ~ 0 at low overpotentials ok . . ,

0.00 -0.03 -0.06 -0.09 -0.12

Overpotential, V

Figure 13.7 The rate of nucleation as a function of overpotential
showing the strong dependence on the overpotential.
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- Given that J does not change with time - number of nuclei per area (Z,,,)

increases linearly with time (Fig. 13.8)
J=dzZ, ./ dt

-For 3D, Jvs.1/n2? (Fig.13.9)
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Figure 13.8 The number of nuclei versus time for electrodeposi-
tion of mercury on Pt at different overpotentials. Source: Adapted
from Toshev 1969.

Figure 13.9 Determination of AG.,;, from a plot of InJ versus 1/5°.
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dinJ/d[n| =- (1/kT)(dAG,., / d|n|) = N (zq / KT) = N_.(zF / RT)



Deposit morphology

» Deposition process has two phases:

(1) Initial stage: in starting process, metal deposition occur on an
electrode surface of a different material — 1st step: formation of
nuclei of the new phase and their growth into crystals with the
characteristic lattice of the electroplating metal — the electrode is
fully covered by a few atomic layers of this metal — influence
Interface adhesion & the structure

(2) Macroscopic deposit: dealing with M/M™ and the thickening of the
layer into a macroscopic deposit.

« 3 steps of phase growth in nucleation and early stage: (1) mass
transport in solution (diffusion, convection, migration) of the metal-
bearing species to the electrode surface, (2) electron transfer to form
an adatom, (3) diffusion of the adatom across the surface into a
position in the lattice — key parameter is the current density
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Figure 13.11 Generalization of deposit morphology as a function
of overpotential and current. Source: Adapted from Pletcher and Walsh.
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Anodes

« Anode is made from the same metal as that being plated at the
cathode and condition is selected that the concentration of the metal
lon in solution remains constant

« Anode and cathode current efficiencies to be matched

 From Fig. 8.11, in a plating process, it is essential to maintain the
anode potential in the active region to ensure smooth and uniform
dissolution (maintaining a suitable low current density)

« Additions of complexing agents (preventing passivation) or halide ions
(causing pitting of the oxide film)
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Fig. 8.11 Typical current-potential curve for an anode in an electroplating bath.
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Additives

Plating bath

(a) The metal ion: simple hydrated ions or a complex. A non-complexing
medium is used for rapid plating on objects of simple shape.
Complexing media are employed when a high power is important

(b) Electrolytes: to give the bath maximum conductivity, control pH and
buffering the solution (by hydrogen or oxygen evolution) (pHT —
deposition of metal hydroxides (e.g. Ni))

(c) Complexing agents: to prevent a spontaneous chemical reaction
between the cathode and the plating ions
e.g. Cu plating onto iron or steel, Cu?t+ Fe — Cu + Fe?* reaction
— cause very poor Cu deposit (porous & badly adherent)
— a complexing agent is added to make the potential of the Cu?*/Cu
couple negative to that of Fe2*/Fe couple (to make the potential more
negative), and to modify the Tafel slope for the metal ion reduction to
Improve the power of the bath (Fig. 8.4)

-Complexing agents: cyanide, hydroxide, sulphamate ion



Nernst equation (HIEAE &)

E obtained from the Nernst equation

00 + ne =rR (reduction)
pP =qQ + ne- (oxidation)
oO+pP=9qQ+rR E_, (cell reaction)

cel

q r
RT a, ap
0, P
nF a, ap

E.., =E°—(

cell

a: activity
activity term: minor contribution to the cell voltage

activity (a) —» concentration (c); a = yc, vy; activity coefficient
a, = 1(solvent, pure solid, ideal solution)



AL I = O
=5 2&(metal complex)®] BEE 8= HH
Co" + e = Co™ E’ = 1.92 V (vs. NHE)
Co(NH3){" + e = Co(NH3)¢" £’ = 0.06 V (vs. NHE) (E%omplex)
AU + 3e = Au B=11150 Vv (vs. NHE)
AuCly + 3e = Au + 4Cl~ E’ = 1.00 V (vs. NHE) (E%mpiex)
RT o RT . | %aucr
Eo=Elaiting i =FE &
o 3 A 3F | Kpag,
T a uCl
_ g0 RTln 1 i R I A4Ci4
3F | K] 3F | af_
. BT |1
Ecomplex = 3F 1H[Kt]
RT . | Yaucr;
E Ecomplex T+ In 4



Plating bath

(d) Organic additives: to modify the structure, morphology, properties of
the deposit.

-Brighteners: to reflect (not scatter) by low microscopic roughness

e.g. Ni deposition: two types of brighteners (i) aromatic sulphones or
sulphonates leading to bright deposits (ii) molecule containing -CN, -
NCS, >CO (e.g. thiourea, coumarin). Aromatic sulphonates are also
brighteners for Sn or Cu
-Levellers: to produce a level deposit on a more macroscopic scale and
act by adsorption at points for peaks
-Structure modifiers: to change the structure of the deposit (preferred
orientation) or to adjust the stress (due to lattice misfit) ‘stress relievers’
-Wetting agents: to accelerate the release of hydrogen gas bubbles from
the surface (to prevent hydrogen embrittlement)



Table 13,1 Examples of Industrial Plating Baths and Conditions

Electrolyte T  Current density Current
Metal composition [kg-rn3] [°C] [A-m™?] Additives Anode efficiency (%)
Cu CuS0O, (200-250) 20-40 200-500 Dextrin, gelatin, S-containing P-containing 95-99
H,S04 (25-50) brighteners, sulfonic acids rolled Cu
Ni NiSO, (250) 40-76 200-500 Coumarin, saccharin, Ni pellets or 95
NiCl, (45) benzenesulfonamide, acetylene pieces
H3;BO; (30) derivatives
pH 4-5
Zn 70-90

Zn Zn0 (20-40) 15-30 100400 Glycerin, organic additives
NaCN (60-120) :
NaOH (60-100)

Source: Adapted from Pletcher 1993.



Impact of current distribution

Current distribution and Wagner number

« Uniformity of the current distribution is characterized by the Wagner
number (Wa)

Wa = (RTK/FL)(1/]iz4l0c) (from Butler-Volmer equation)

or
Wa = (dn/di) / (L/k) (from Oh, ch.11)

dn/di: activation overpotential (Z2AM}1}X 2, k: MOHE 0|R~ME T

- Higher Wa: more uniform current distribution



Electroplating in the electronic industry

(1) Printed circuit board (PCB)
(2) Electrical contacts and connectors

Overall plating process and the importance of component design

' Deposit Conforming
Workpiece 4 anode
(cathode) — Vi

Z
(1) (ii)
Insulating =
‘shields’ Sa Anode
’/ V/
19| | ﬂ‘/
Conducﬂng
(111) (w) ‘robbers

Fig. 8.18 Modification of extreme current densities to provide a more uniform current
distribution. (i) use of a radiused corner to reduce throwing power deficiency in a recess;
(i1) use of a conforming anode to overcome poor throwing power in a recess; (iii) use of
inert shields to prevent build-up of deposits on edges; and (iv) use of cathodic ‘burners’ or
‘robbers’ to minimize edge build-up. (After: Ashby (1982) Electroplating for Engineering
Technicians, National Physical Laboratory, London; and Courtesy: Ionic Plating Ltd.)
Pletcher, ch.8



Throwing power

» Good throwing power:
‘uniform’ plating cathode

* T(% throwing power) =
100(K - B)/[K + B -2]

K = X1/X,, B = wW,/wy,

X: distance, w: weight of metal
deposited

If current efficiency ~ 100%,
Wo/w, ~ 15/l

T =+100: very good, -100: very
poor

e.g. Cr, T <0, Ni ~0, cyanide
complex bath 40~60

/777777777777 @)

Anode

P

(b)
Cathode 1 Cathode 2

X7

A

\J
Anode

A

\J

Figure 13.13 Cells for experimental examination of current
distribution. (a) Hull cell. (b) Haring—Blum cell.
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Impact of side reactions

« Factors which determine the power of a electroplating bath
(1) Conductivity of the electrolyte: a high conductivity to minimize IR

drop so cause uniform deposition

(2) Tafel slope for the deposition reaction: smaller deposition rate In
higher Tafel slope ((ii) in Fig. 8.4(a)). Higher Tafel slope when
complexing agents and additives are present (which adsorb on the

cathode)
(3) Competing electrode reactions

log I M™ + ne— M I 2H* + 2e—H,
3
ML} +ne =M+ xL

(i)

7 o —— £
Plating Plating
only b
(a) (b) Ha evolution

Fig. 8.4 (a) Tafel plots showing the common effects of the addition of a complexing agent
to a plating bath on the reduction of the metal ion. (b) I-E plots for a metal ion and
proton reduction in a plating bath.
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Resistive substrates

Current
collector

Insulator
Anode

v

Resistive
substrate

- 4

Figure 13.15 Schematic diagram of deposition cell for deposition
on a resistive substrate where the potential drop in the substrate is

important.
Electrolyte solution
Deolution = CONStant g l ‘
-— -—
Current | o
Insulator

Collector Figure 13.16 Schematic diagram of the

physical situation described by the model
= L = below. ¢, decreases from x=L to x=0
(not shown). Current flow shown qualitatively
x=0 by filled arrows.

Electrochemical Engineering, First Edition. Thomas F. Fuller and John N. Harb.
© 2018 Thomas F. Fuller and John N. Harb. Published 2018 by John Wiley & Sons, Inc.
Companion Website: www.wiley.com/go/fuller/electrochemicalengineering



Typical application areas for electroplating

(1) Corrosion protection

(2) Build-up material or restoration
(3) Decorative appeal

(4) Wear resistance

(5) Hardness

(6) Optical or thermal reflectivity
(7) Electrical conductivity

(8) Ease of cleaning

(9) Oil retention

(10) Solderability

(11) Thermal conductivity



Advantages and drawbacks of electrodeposition as a coating technology

0.01 ~ 100 pm

Table 8.5 Pros and cons of electrodeposition as a coating technique

Advantages

Disadvantages

Control of deposit thickness good
Control of deposit distribution fair

Variety of finishes possible

Technology readily available at reason-
able cost and well-understood

Most metals depositable

Most substrates coatable

Deposits less porous, at equivalent thick-
ness, than many competitive techniques

Only some metals may be deposited from
aqueous solution

Rate of deposition limited to
20-100 ymh ™!

Thickness ranges limited in practice,
e.g. <1 pm, too porous; >70 pum,
too expensive

Some substrates require special pretreat-
ment

Throwing power variable with, for ex-
ample, metal, electrolyte and process
conditions

Pletcher, ch.8



Alloy electrodepositio

n
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g:? | (¥ ' Figure 11.1. Polarization curves for the
S l : E ' deposition of alloys. (From Science and
! | : E Technology of Surface Coating—A
1 | : I NATO Advanced Study Institute publi-
it is Iz ia cation, 1974, by permission of Acade-
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Figure 8.1 Voltammogram of CuNi alloy deposition with partial currents of Cu and Ni deposi-
tion and total deposition current; (a) copper deposition, (b) irregular co-deposition, (c) regular
co-deposition. The names of the different alloy deposition regions refer to the classification of

Brenner (see the following section).

Paunovic. Schlesinger

Plieth



M)E2: HOES X FHNTS

Electroless deposition (ELD): suitability for large area
Electrodeposition (ED): good film properties, high throwing power

= Electrodeposition = Electroless deposition

o
RO / reducing agent

0 F
m -~
e j o F- )
....... > D AN CU ; b @
£3 i"—' & °
g a ® °
< 53 \4 o
Cu sef electrolyte 3 J o ® pH buffer
(Cuso,, H,S0,, additives) electrod [ solution
(i) Cu reduction by an external power (i) Cu reduction by a reducing agent
(i) High film quality, cheap process, (ii) Cheap process, feasibility on metal and
high filling power insulator, highly conformal and uniform
(iii) Electrode, seed layer, electrolyte deposition
(iiii) Organic Additives (iii) Electrolyte (reducing agent, additive)
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|-V: Electroless deposition
B Electrochemical Point of View: Mixed Potential Theory (E4 & )

= Mixed potential theory: overlap of two independent electrochemical reaction

Ai

Metal ion reduction

M"™+ne > M
I, = f(E)
Reducing agent oxidation
g ag E,, o I, Eey s
Red = Ox™ + me- /I/l > E()
ia — f(E) E /
mp

= The potential where the total current
becomes 0 is the mixed potential.
| =1, +1

total

NSNS HLS ula=(AH)



MI| =2 (Electroplating)

v a5(Cu, Ni, Au, Cr, Sn ), &=, S HI[=5-Teflon '=l§ =5
HUHU0 Moi33ES SO0 MAHelectrodepositionlAlZI=

v T30 SN2 BA U] M)| M= HE XH, MAl I]l':'“ ol S
Eas9 &3 =01J] 1-IUHM: _'.:_E.' ‘-‘._'.:_[JHE 1€ 2 Xl (MSI}
39 XA S MYHE 2, 22 L0 AL X =28

v HAYUEE =017 HOH HrSSTAKO)I 2| XA =20t Xl
Ol= 25 0|21 ZOH &Z&E e + U= d2e dEJi

v EIHAI: I*Iillaccelerator =32 £5E S, Y HlAlinhibitor,
T= 55 E 42) % Mlbrightener, M 23, 4] S




Electrochemistry for 4
electroplating

Ni** + 2e — Ni on Pt electrode

I

E()

[Z12! 8-15] Pt Z30]| Ni" 0| = plating)1t £&(dissolution) TP H0{ == cv 2

A Dissolution of metal
Transpassivation M — M" + ne
.
S >
E()
Ts < P
Passivation
v

(8l 8~16] 2&(0l; Crel B33 JdE 20| F= LSV I8

0|
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Electroless deposition

B Definition of Electroless Deposition

® 9
® = Chemical reduction process of metal ions in an aqueous

RO
3 RM+ ~ / ® solution without the use of electrical energy

: ; [ ° ®

2 o € ‘ ‘ Metal ion

8 E ‘ ® ® L) pH buffer

U S

‘ Y o o / Reducing agent
Electrode 9 Solution ®

Reducing agents: Formaldehyde, hypophosphite, dimethylamine borane (DMAB), glyoxylic acid, Fe(ll), Co(ll), etc.

Complexing agents: EDTA, Mal, Suc, tartrate, TEA, En, etc.
Additives: Stabilizers (V, Mo, Ag, thiosulfate, sylfate, pyridines, 2-2’ dipyridyl, etc.), surfactants or wetting agents
(anionic, non-ionic, amphoteric, cationic surfactants)

= Oxidation of reducing agent on surface
= Metal ion reduction on surface

= Continuous film growth
= Catalyzing of the oxidation of reducing agent on both substrate and metal film itself

NSNS HLS ula=(AH)



Procedure of Preparation for Pt-based Alloy Nanoparticles

“1HILC L

Borohydride reduction method
PtClg> + BH, + 3H,O — Pt + BOg* + 6ClI + 6 H* + 2H,
4RuCl; + 3BH,; + 9H,0 - 4Ru+3BO;* + 12CI +18H* + 6 H,

Freeze-drying is a process in which samples are first frozen and then subjected to high vacuum (10 -2 mbar). Under these
conditions frozen water will sublime. Freeze drying preserves sediment structures in fast-frozen sediment (using liquid N,).
Sediments become very friable, making it easy to pick macrofossils or grind samples for chemical analyses.




Synthesis of PtNi alloy nanoparticle

PL-Ni/C . 1  anhydrous EtOH ( Filtering
- [ Picl,, Nicl, ) sodium acetate L NaBR, Washing
Jeon et al., J. Phys. Chem. C (2009)
Pt-Ru/C PtC|4 W anhydrous EtOH ( NaBH FiIteri.ng
RuCl, J oleylamine L 4 Washing
Jeon et al., Langmuir (2010)
Objectives
anhydrous ethanol removing water as an oxygen source Drying
[ in vacuum oven }

sodium acetate anionic stabilizer

stabilizer, to modify the surface charge of carbon black and
oleylamine enhance the heterogeneous nucleation of metal
nanoparticles




Electroless deposition

OXIDATION

Figure 8.2. Wagner-Traud diagram
for the total (i_,,, and component cur-
rent potential curves (i,, i) for the
overall reaction of electroless deposi-

tinn

= OF Red
g +»—ELECTROLESS SOLUTION
g POTENTIAL, V
- &
V¢
é E%z+
[i4
=)
O

Figure 8.5. Wagner-Traud diagram
for electroless Ni(B) deposition:
Emp= —840 mV versus SCE. Elec-
trode area 0.68 cm?®. (From Ref. 43,
| l I with permission from the American

-1000 -800 -600 e
Electroplaters and Surface Finishers

E (mV vs SCE) Society.)
Pletcher, ch.8




Electroless deposition

Pletcher, ch.8
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Figure 8.3. Evan diagram of current—potential curves for the system with two different si-
multaneous electrochemical reactions. Kinetic scheme: Eqs.(8.4) and (8.5).
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Figure 8.4. Current—potential curves for reduction of Cu®* ions and for oxidation of reducing
agent Red, formaldehyde, combined into one graph (Evans diagram). Solution for the Tafel line
for the reduction of Cu*™ ions—0.1 M CusS0,, 0.175 M EDTA, pH 12.50,
E, q(Cu,’Cu2 )= —0.47 V versus SCE; for the oxidation of formaldehyde—0.05 M HCHO and
0.075 M EDTA, pH 12.50, Eeq(HCHO) = —1.0 V versus SCE; temperature 25°C (£0.5°C).
(From Ref. 10, with permission from the American Electroplaters and Surface Finishers Society.)



Cu electroless deposition

Electroless plating mechanism

Dielectric surface

2t Hl: formaldehyde(HCH=0)
EDTA-Cu complex
Pd seeded surface (catalyzed)

Anodic
mechanism

/OH
(2HCH=0—2H.C-x

" / OH

HCH=0 NaOHl

HCH=0 adsorption on Pd HCOONa
{HCOONa H s s
He: gas H'+ OH—> H0

— electrons evolving (HCH=
reduction, 2 & Xl)

by products

(2)
. Clle——Clit™ Cathodic
— Cu depostion QL |e y {mechanism

Gl
\ Bulk reaction
2Cut—> Cu2Q—> Cu®+Cutt

l

AlR (Bath decomposition)

Cu?*+e — Cu* (rds, =25H
Cu* + e — Cu (fast)

Nodules !

Fig. 5.2 Representation of the simultaneous partial reactions occurring on a Pd catalyzed surface at the

initiation of the electroless deposition process, and the main reaction products.

Pletcher, ch.8



Conversion coating

Electrochemical treatments to produce inorganic ‘conversion coatings’
on a metal: surface layers including oxides, chromates, phosphates
and their mixtures

Treatments under open circuit or by an impressed current

(1) Anodizing

The process of forming a surface oxide film by electrochemical
oxidation

Surface-finishing technique for Al, Ti, Cu, steel, and for the
manufacture of electrolytic capacitors based on Al, Ta, Nb(niobium)

Al is anodized in an acid electrolyte, usually 10% sulfuric acid,
chromic acid, sulfuric acid/oxalic acid mixtures.

Anode: 2Al + 3H,0 — Al,O; + 6H* + 6e
Cathode (inert cathode, steel or Cu): 6H* + 6e- — 3H,

2~100 ym for several minutes to 1 hour

Color finishes: (i) an organic dye in adsorbed on the anodized surface
and sealed with boiling water, (ii) a metal (Ni, Co, Sn) is deposited into
the pores using an a.c. power supply; ‘electrocolouring’ process
(interference effect, various colors, Sn(pale gold, bronze, black...)



(2) Phosphating

Phosphate coatings provide an underlayer for paint finishes
Substrate: steel, Zn, Al

Advantages of phosphate coatings are improved corrosion resistance
and paint adhesion

Thin coating of mixed iron and zinc phosphate on steel as a standard
pretreatment before painting of automotive bodies, refrigerators,
washing machines (In case of car bodies, electrophoretic painting
usually follows the phosphate coating)

Phosphating bath: (i) phosphoric acid, (ii) a primary metal phosphate,
(iii) an accelerator — dissolution of metal(Fe, Zn, Mn) and oxide,
followed by the deposition of an insoluble phosphate layer

Open circuit processing, but cathodic & (especially) anodic stimulation
of the process for shorter process times & improved control of the
deposited film

(3) Chromating

Despite their toxicity, chromate solutions are widely used to provide
protective and decorative coatings on Al and Mg-Al alloys, Zn, Cd



Electrophoretic coating

« When the substrate is conducting, electrophoretic deposition is carried out

Principles of electrophoretic painting

« The medium for electrophoretic painting is water, sometimes containing
a low percentage of an organic cosolvent

« The paint is a polymer containing: (i) acidic or basic groups which may
be solubilized, usually to give micelles by the addition of base of acid
respectively, (i) some inorganic solids such as copper chromate,
titanium dioxide or carbon black, (iii)) an organic pigment to give the
desired colour. The bath contains about 10% solids.

 When a voltage is applied between electrodes, deposition will occur at
one of them, depending on the charge on the polymer, one will observe
anodic or cathodic electrocoating (Fig. 8.23).

« Anodic process
@ (COO™RNH3 ), +n/2H,O—-ne "~
S g’ (COOH), + n/40, + nRNHj



although some corrosion of iron-based materials may also occur, i.e..

(COO"RNH3J), +n/2Fe —ne~

COO\_ +
_ 28
& coo— )nfz +n RNH; (8.28)

and there is also the possibility of neutralization of the micelles by the Kolbe

reaction.

° Cathoc“c proceSS The main reaction in cathodic electrocoating will be the hydrogen evol-
ution with deposition now resulting from formation of a neutral polymeric
amine.

(NH#X-), + 16— n2H, + G(NHZ)ﬁnX'
(8.29)

Polarity of Anodic Cathodic
car body (+) (=)
Manufacture ?H C;)_ T Ff
of the resin ReG+KOH—R-C + K* +H,0 R-N:+R-COOH — R—IJ\IT—H +R-CO0"

0 0 R R

Insoluble Soluble insoluble soluble
Electrode
reactions 1/2H,0——H* +1/40,+e~ H,0+e™ ——1/2H, + OH™
Deposited OH Fj{
paint film Fi—(l% insoluble H_ll\]: insoluble
R

Fig. 8.23 A simplified comparison of the reactions during anodic and cathodic electro-

phoretic painting Pletcher, ch.8
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Electrophoretic Deposition

& Advantages

Fast and Low cost deposition
Short deposition time

Low contamination
Uniformity

Control packing density
Selectivity

Irregular deposition

4 Applications e Mechanism
1. Ceramic (MgO, ZnO) _
2. Super-conducting film (Bi-2223,BZT) Electrophoresis o
3. Phosphor =» Migration of charged particles in
4. Electrode (fuel cell, Li battery) applied field Deposition
5. Si carbide, Si nitride =% Coagulation of particles to dense

mass

NoOoOkwWhE

a Electrophoretic Deposition

Solution: TiO, powder + Mg(NO),-6H,0 of 5 x 10-4M in 80 ml IPA (~ 4.96 pH)
Applied Voltage: 150 V

Deposition time: 180 sec

Anode: SUS 304 (2 X 2 cm)

Cathode: Flexible ITO



Other electrochemical surface-finishing techniques

(1) Electropolishing

« A process used to produce metal articles with a highly reflective mirror
finish; it is closely related to anodizing.

(2) Electrochemical cleaning
« To remove grease and oil from metal surfaces

(3) Electrochemical pickling

« To remove rust and other oxides and to produce a mild, uniform etch to
enhance the adhesion of deposits

(4) Electrochemical stripping

« A deposit may be removed rapidly and selectively from the substrate by
Immersion in a suitable electrolyte

(5) Metalliding
« A deposition process carried out at elevated temperatures



