6 — Electrodeposition of alloys and
solid solutions



Some examples of electrodeposited alloys

Protective | Corrosion Magnetic Heat Electronic
& resistant alloys resistant &

decorative allloys jewelry
NiZn ZnCd NiCo CrMn PdNi PbAg
NiAu ZnSn NiFe CrwW AuNi InPb
NiCd CrNi CoW CrMo AuCo PbCu
NiSn CrRe CoPt WFe AgSn
AuCu FePt
AuAg

CuSn



Temperature, °C

1) Alloys and solid solutions
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Phase diagram for metallurgy only useful for predicting the phase-
type

Localized electrocrystallization enables single phases with wider
composition range

Highly dispersed supersaturated solid solutions can be electroplated
Metastable: decompose upon annealing
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1) Alloys and solid solutions

Substitutional solid solution: Interstitial solid solution:
B randomly replace A Smaller atoms in random interstitial sites
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Intermetallic alloys: Bimetallic:

A and B form a new lattice No mixing of A and B
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1) Alloys and solid solutions

Intrinsic internal stress due to differences of atom radii

Interstitial atom:  B.* = compressive stress
Substitution: B.* = compressive if ry>r  tensileifry<r,

Atomic Radii Trends on the Periodic Table
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Metals \l\\— Element's symbol
®  Metalloids | .
J  Atomic radius size

@ Nonmetals -~ in pm (picometer)

Co i In

156 152 5 142

Eu Eh £ Cd

178 173 155

Os Ir : Hg

193 1835 130 177 ] 171

Increasing Radii
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1) Electrodeposition of several elements

1) Direct deposition process
Both metal cations are reduced in a single step:

xA** + yB®* + (xa + yb)e™ — AyB,

Particularity of direct electrodeposition mechanism:

E%(xA%*,yBP*|A,B,) may be higher than both E°(A**|A°) and E°(B"*|B?)

Not possible to deposit only one cation selectively

x and y still depend on the overpotential and the mass transfer
of individual species




1) Electrodeposition of several elements

1) Direct deposition process
Both metal cations are reduced in a single step:

xA** + yB®* + (xa + yb)e™ — AyB,

Indications by cyclic voltammetry
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1) Electrodeposition of several elements
2) Co-deposition process

Both metal cations are reduced independently:

A%t +ge” - A°
} xA +yB = A:B,
B+ 4+ be™ » BO
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1) Electrodeposition of several elements
2) Co-deposition process

Both metal cations are reduced independently:

The deposit composition will depend on partial currents i,(t) and iy(t):

Express the general equation that gives molar ratio % !
b
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1) Electrodeposition of several elements
2) Co-deposition process

Both metal cations are reduced independently:

The deposit composition will depend on partial current i,(t) and ig(t):

anyF = [i,(t)dt and bngF = [ig(t)dt

ng, b [is(t)dt
ng afigt)dt
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1) Electrodeposition of several elements
2) Co-deposition process

Both metal cations are reduced independently:

Co-deposition of A and B is carried out at overpotentials sufficiently high so that
only mass transfer controls the kinetics.

What parameters will allow you to tune the composition?

B% - BP* 4 pe~

E
ECD
A% > A 4 ge”
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1) Electrodeposition of several elements
2) Co-deposition process

Both metal cations are reduced independently:

The deposit composition will depend on partial current i,(t) and ig(t):

anyF = [i,(t)dt and bngF = [ig(t)dt

ng, b [is(t)dt
ng afigt)dt

Case 1: high overpotentials jiim = ZFCSO |2
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1) Electrodeposition of several elements
2) Co-deposition process

Both metal cations are reduced independently:

Co-deposition of A and B with n, >> nj so that:
- ECD of A is purely limited by mass transfer
- ECD of B is in the linear Butler-Volmer region

Find the equation that predicts the coating composition!

B% - BP* 4 pe~

E
ECD
A% > A 4 ge”
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1) Electrodeposition of several elements
2) Co-deposition process

Both metal cations are reduced independently:

The deposit composition will depend on partial current i,(t) and ig(t):

anyF = [i,(t)dt and bngF = [ig(t)dt

n, b/is(t)dt

X
y ng afig(Ddt

] bF
Case 3: 17, > Ng ja = aFc] / —2and jp ~ j§ =12

nA ZCADA

.B
npg ”]0773

RTt—O.S

= composition gradient



1) Electrodeposition of several elements
2) Co-deposition process
Both metal cations are reduced independently:

What morphology may you expect?

How could you correct it?

B% - BP* 4 pe~

E
ECD
A% > A 4 ge”
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1) Electrodeposition of several elements
3) The use of ligands

Let us consider cations A?* and Bb*, both complexed by Ligands L*.

Starting from the Nernst equation for each cation, can you find what
parameter will affect the difference between their equilibrium potentials?
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1) Electrodeposition of several elements

3) The use of ligands

oiizs nron LR o ViV + = g, M

E¢1 =E°(M*T/M°) + oF In[M*7] Kq = (ML, P] > M=Ky [Le=]n
eq d|ALn eq _ o RT, (Kq[Blm]|

E," = 1 < [La— " and Ep" =Ep + 45 ln( (L™ )

B® - BP* 4 pe~
A i 0 a— y+ _
B + mL*™ — BL;, + be A0+nL“‘—>ALﬂ++ae_

/
—~ A% 4+ ae”
bAE x aAE o '\\
KB — mpl Lf“ KA _ o Ta—
pig —mp pKZ —an \ E
\

: B -
Lim TTpEEE - l' ==L lﬁm
/ ‘o \’
\\[ A — Aa+ + ae_
BO + mL% « BLY" +bhe~  A°+nl® « ALEY +ae”

BY « BP* 4 pe~
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1) Electrodeposition of several elements

3) The use of ligands

_ g0zt /g0y 4 BT otz _ [7He)n 247 — g [MLnP]
E¢1 = E°(M*" /M°) + - In[MZ™] Kq = [ML,P*] > M=Ky [L&=]n
+
st _ o 4 BT, (1{5‘ [ALf ])_E _ o BT (KE[BLLY]
AT eE "\ )T # T e
2. RT 2. RT
EST + 322 (ng{l +pALEY —n, pL“_) =E + 33)% (pKZ + pALY — m.pL®”)

abF
pLY™ = {2 sosprAE® — b (v + pALl") + a(pkf + pMZLﬂ2+)}

ma — nb
If both metals form complexes, then Efq — Ezeq only depends on dissociation
constants and stoichiometry numbers

A feasible solution may exist only if the less noble metal has higher K, or Ox state

Often necessary to find a selective complexing agent
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1) Electrodeposition of several elements
2) Co-deposition process

Both metal cations are reduced independently:

Co-deposition of A and B is carried out at:
- low overpotentials for both cations: linearized Butler-Volmer
- No mass limitation: C_, = C°.

Express the ratio Za
np

EECD B% - BP* 4 pe~

A® + L% — AL Bt + ae”

E

A° + L% « AL P* + ae”
B® « BP* + be~
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1) Electrodeposition of several elements
2) Co-deposition process

Both metal cations are reduced independently:

The deposit composition will depend on partial current i,(t) and ig(t):

anyF = [i,(t)dt and bngF = [ig(t)dt

n, b/is(t)dt

X
y ng afig(t)dt

. . \ F
Case 2: low overpotentials j=Jjo- % (Butler-Volmer linear approx.)

ny _ ]"3 Na
ng jg N



1) Electrodeposition of several elements

5) Anomalous co-deposition

The less noble metal becomes the more noble metal

The electrodeposit composition tendency towards overpotential reverts

Observed for numerous Ni intermetallic alloys (NiFe, NiCo...)

Fe in NiFe (Wt. %)
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1) Electrodeposition of several elements

6) Consecutive UPD layers

The nucleation of A on substrate S performs with Ac <0

Then a monoatomic layer of A on S can be deposited at E > E,,
The nucleation of B on monolayer A occurs with Ac <0

Then a monoatomic layer of A on B can be deposited at E > E,

The nucleation of B on monolayer A performs with Ao <0

Then a monoatomic layer of B on A can be deposited at E > E,,

Repeat as many time as necessary to reach the desired thickness
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I11) Quick ECD optimizations
1) The Hull cell

68.7

I, =1(5.1—-5.24logx,)

429

- 34,3
E

Anode

E
=257

I, - cathode current density [A/dm’]
e, [ - total current in the cell [A]
———— X, - coordinate along the cathode [cm]

17.1

8.5

0 17.1 343 51.5 68.7 859 103.1 120.3

x [mm]

Figure 2. 250 ml Hull cell current density streamlines

Cathode surface area = 66.3 cm?

The composition and growth rate of the electrodeposit may vary with the position x.
The deposit morphology and microstrucure may vary with the position x.

Quick optimization of the current density
Assessment of the macrothrowing power
Difficult to apply ideal agitation: studies normally performed under natural diffusion
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I11) Quick ECD optimizations
2) The rotating cylinder Hull cell
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:
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I11) Quick ECD optimizations

3) The Haring-Blum cell

ey

Insulation «<—

Cathode 2 «—

_ 5 Insulation

—>Cathode 1
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R
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bath

Used to evaluate of the macrothrowing power:

Optimization of levellers!
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1) Electrodeposition of several elements

/) The Hull cell

68.7

—————— ,\xL=O
skl ;.—‘- C%s IC —_ 1(51 - 524 log xc)
RS I— 2%
RIP=—— , 9 I, - cathode current density [A/dm’]
S ———— I - total current in the cell [A]
e X, - coordinate along the cathode [cm]

0 17.1 343 51.5 6l8.7 859 103.1 120.3

x [mm

Figure 2. 250 ml Hull cell current density streamlines
Cathode surface area = 66.3 cm?
Cu and Ni are codeposited at pH 9 in a Hull cell with a total current of 1 A

E°(Cu?*/Cu) = 0.16 V vs NHE, [Cu?*] =0.05 M, Jiim = 275 mA.dm~
EO(Ni2*/Ni) = -0.23 V vs NHE, [Ni2*] =0.2 M, jiim = 555 MA.dm™

Can you estimate the composition profile along x_?

Can you predict the current efficiency?
We consider that only HER occurs as a side reaction and that jyer = jiot = Jiim,cu = Jiim,ni
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1) Electrodeposition of several elements
7) The Hull cell

Let us define limit conditions:
1) There exist a value x_ above which 5.1 -5.24 log x. < 0
x.\1) = 10(51/524) = 9.403 cm

2)  E°(Cu?*/Cu) >> EO(Ni?*/Ni): if I. < j;,(Cu) then only copper is deposited
XC(Z) = 10((5.1-0.275)/5.24) =8.333 cm

3)  ES9(H*/H,) = EO(H*/H,) — 0.059 pH = 0.531 V vs NHE << E%(Ni2*/Ni)
HER only occurs when I > j. (W) +j,. (NI
XC(3) — 10((5.1—0.275—0.555)/5.24) =6.530 cm

10.2 cm 0Ocm
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1) Electrodeposition of several elements
7) The Hull cell

1) .
x.>x. W :

x 1> x> x )

x.2 > x> x B

3).
x. < x.3):

no deposition

only copper is deposited at the rate

dt

_ Ic
T 2F

copper and nickel are codeposited:

.Cu
dncy — Jlim

.Cu
dnyi _ Ice=Jiim

and =
dt 2F dt 2F
ny;  Ie—Jjri 1(5.1-5.24log xc)—jji%
Ni _ cCJlim 29 X7 iim — 17,545 — 19.055 log x,.
Ncu Jlim Jlim

. iNi
The deposit composition is constant: —% = ch% = 2.02

ECD is accompanied by HER:

Ncu Jliim

_ le=Jtim=Jlim _ _ . 10-5 -1
= oF = (2.21-2,72logx.) - 10™°mol.s

dTlHZ

" i+l -1
ECD efficiency = M = (6.145 — 6.313 log x,)

c

x (2

x 3

Xc
0Ocm

32



100

1) Electrodeposition of several elements
7) The Hull cell

12 | :
:\ — 2.0
10 H !
o 8 - i ........................................................................................................................ t\.'E - 15
_g 1 -D =3
: 6 — ' © o
< | - £
—_— 1 E 10 Z
_o : : c
4 - ! 5
: S5 o5
2 :
0 Al A J Alu I | I A — 0.0
10 T 8 6 4 2 D
X, \cm
1 2 3
X, Xc( ) Xc( ) Xc( ) X,
10.2 cm 0Ocm

33



1) Electrodeposition of several elements
/) The Hull cell

In reality, the distribution of the current results from three contributions:

Ohm’s law of the electric potential through the ionic conductor: V¢p = —pi
The electrode potentials are constant V, and V,
The potential distribution in the electrolyte is a solution of Laplace equation V¢ = 0

The overpotential: n =V, — ¢ = f(x,)

—-azFn (1-a)zFn
Butler-Volmer for charge tranfer limitations: j = jo(exp RT —exp RT )

[Cel] —azkn [Ael] (A-a)zFy
[CO] exp RT _[Agl] exp RT )

3) Cotrell for pure diffusion: j = ZF[CO]\/%

2) Butler-Volmer for mix control: j = j,(

Typically, simulations are performed to determine the exact current distribution



