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Requirements:

- at least two non-zero oxidation states;

- essential difference in solubility of
the reduced and oxidized states in
certain the solvent/medium;

- conductivity of the resulting solvent.

Anodic
electrocrystallization

— [M(OH),(H,0) J**__
Cathodic
electrocrystallization




Electrochemistry starts, solution chemistry continues

Oxide-forming ions undergo electrode reaction (either oxidation or reduction)
in the close vicinity of the interface, e.g.
TI"-2e=TPF*  or Cu’*+e=Cu*
Reaction products form insoluble solid compound with hydroxyl ions and/or other
anions from the medium. Solids are formed just at the interface (heterogeneous
nucleation) and undergo partial or complete dehydration:
T3+ 30H- —hydrolysis— [TI(OH),;] — TI,0, or Cu* + OH — [CuOH]—Cu,0

<1 nml Solution bulk:

homogeneous distribution
of all ions

Diffusion layer (10 — 100 um)

Kinetic mode: reaction rate is
controlled by electrode potential

#

Diffusion mode: reaction rate
is controlled by
convection

H oversaturation

|
I
|
|
|
|
e *:
|
I
|
|
|
I

chemosorption 3



Cathodic deposition of non-stoichiometric tungsten oxides

Molecular Precursors

v

v

[WO,J*
[H,W1,0,,]*%

and also

For all these W(VI) isopolyanions, W(V) containing
mixed valence species can be generated
under cathodic polarization.
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I/ mA

Recharging in supporting solution

~10% WY

Charge, |W, *107, mol |e per W d, nm
mC (from ICP-MS) | atom
Pt/ film 2.7 2.26 0.12 60
Pt/ film 14.3 14.15 0.11 390
FTO / film 6.3 9.75 0.07 140
Pt/agedfim |7.2 7.67 0.10 160

0/mC

T T v
-0.2 0.0

T T T ' T T T T
0.2 0.4 086 0.8
Evs (Ag/AgClY vV
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Ageing: ‘development of crystallinity’

44 :1“ 4—Aged (24 h In 05 M H2504)
2 \ After deposition
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Ageing:
ca. 8% of tungsten keep 5+ oxidation state even in air
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Intensity / Counts

Model experiments with
tungstic acid powder

Reversible cycling in the gas phase:

H, — He —H,, Pd catalyst

monoclinic/orthorhombic
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Intensity / counts
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In- situ Raman
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Deposition of tungsten-based doped oxides

200-700 cycles in Na,WQO, metastable solution or mixtures
(12 mM total concentration) in 0.5 M H,SO,

Na, WO, + Na,MoO, Na,WO, + NaVO;

I, mA cm?
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In-situ UV-VIS characterization (W-V film)
(2 M H,SO,)
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Absorbance(700nm)

Coloration efficiency (1100 nm) and response time,
2 M H,SO,

oCE=1/Q log(Tb/Tc)

— 1100 nm —— 700 nm 07 0.7 -
4 | | |
n
0.2 ] ]
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402 § o
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0.0 0.0 ] . .
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-----------------
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Q, mC cm?
700 nm: Small charges (< 2-4 mC cm™):

e CE(W)=95cm?C1?

e CE (V-W) =269 cm?C1!

e CE (Mo-W)=183cm?C
Higher CEs at 1100 nm
Higher CEs for doped films

1(0,5 M H,SO,) ~ T (2.0 M H,S0,)

T (700 nm) > 1 (1100 nm)



2.0 M H,SO, vs. 0.5 M H,SO,
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Alternative way: deposition from peroxo-complexes

[M02(0)3(02)4(H20)2]" + [HaMoO4]

Current (mA)

A Frequency (kHz)

2W(s) + 10H,0, = [W,(0);(0,),(H,0),]*” + 2H,0" + 5H,0

[WY,(0)5(0,),(H,0),]"” + 14H,0" + 10e” —

+ 12[H307] 4+ 10e”=Mo30gs) + 21H,0

0.3

0.2

0.1

0.0

(a)

||

(WV0,7),*2H,0(s) + 21H,0

solution comp

film comp

1
0.4

0.2
E vs. Ag/AgCl (V)

- 1
0.0

!
-0.2

T.M.McEvoy, K. J. Stevenson,

(mol %) (est by EDS)
100 W WO;
10 Mo/90 W Mo0g 42 Wi 5803
20 Mo/80 W Mog 55Wip.4503
30 Mo/70 W Mo 50Wp 4103
50 Mo/50 W Moo 73 Wi 2703
100 Mo {I—f"ﬂ—l\-io(:lgb
100 Mo o-MoO;
100 Mo p -MoO;?

L. Kondrachova et al.,

Anal. Chim. Acta 496 (2003) 39-51

Langmuir 22 (2006) 10490-10498.



Any synthesis starts from Pourbaix diagram (as the first approximation)

Eh(V)
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pH
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' 2.2 )
S LS i L R - |, - forvarious MnO, crystal

i . ] modifications
Cathodic = ) ’ :
MnOx .. 418 - forvarious oxohydroxides.
electrocrystallization | |,

2 MnO,_; oxygen stoichiometry
1 .

L IS potential-dependent

06 (K. Vetter).

04
0.2 EnV)

° The slopes of E, pH lines can
Zj be slightly different if one
o accounts for 8.

0.8

10 Despite of these uncertainties,
12 solution composition and

-14 . .

e potential interval can be

, s chosen with a reasonable

daCccuracy. 16



Kinetics of Electrodeposition of y-Manganese Dioxide Trans. Faraday Soc.

58 (1962) 1865-1877
By M. FLEisCHMANN, H. R. THIRSK AND I. M. TORDESILLAS

[MH(HZO)n]?o-l'-n“ﬁ[Mn(Hzo)u ads. +e
1
[Mn(Hzo)n +[MD(H20)” 2d-; #[MH(HZO) ]wln+[Mn(H20)n ads. [Mn(HZO)n]foTn#[ n(H O)n]ads e

| 27
-

The principle industrial F-~<———{Mn(H, 0),, 1(OH) ;. +H”

[
4
process: , i 10
o ge + < P r +
B-MnO, from acidic bath [Mn™" Jsoin < < ﬁMn(HzO)n 2(OH); 3¢5 +H
5
: 11
= *""""[MI’!(HZO)" 3(OH.)3]ads + H+
6
. I
EDM {electrolytic manganese [Mn(H,0), 15, +30H™  [Mn(H,0),(OH)aL + H*
dioxide) demand: \
> (r+HDH0+-HY
(n+1)H,0+2e | 13 14~ +2e 7 | slow
1962 ~

18 2020 12 -
. (forecast) [MnO(OH)];,= £—= MnO,-)(n—2)H,0
6.3bn : 54% ‘. . H+.

Recent review:
RSC Advances, 5 (2015) 58255-58283

. Alkaline

0 17
B c2 63.0bn




The principle industrial process: f-Mn0O, from acidic bath. However the material
operates in alkaline medium, and birnessite formation is unavoidable.

Relative intensity

\ Let us try to deposit birnessite directly? KMnO, +3 e +2H,0 + 4 OH-

(A)

10.0 20.0 30.0 40.0 50.0 60.0 70.0
20, deg

\ Loading, pg/cm ORR current A/g
‘ f\ 91 Anodic 10.5
\ \ Anodic, | ]5 Cathodic 8
/ %} \ 91 Chem.synth. o4
\wr M_@ with C-binder
Cathodic, pH 13.5

. N o Anodic deposition, as well as cathodic
Slow cathodic deposition (kinetic mode) deposition under diffusion control result in
allows to obtain the compact, but highly formation of resistive flakes.

dispersed material.

L.V. Pugolovkin et al, ECS Trans. 85 (2018) 137-145 18



Cathodic deposition from permanganate: less usual technique

100 -
Q, = 1.06 C/lcm’
80
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X
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207 Current efficiency
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i, mA/cm?

0.2 Recharging




TEM (Antwerpen:
Joke Hadermann,
Maria Batuk)

Anodic deposition

Cathodic deposition at low overvoltage,

good recharging

Cathodic deposition at higher overvoltage,

bad recharging

20




3agaum ans in situ CTPYKTYPHOro aKcnepmeHrTa:
- MOHUTOPUHT poCTa
- IBONOUMA NOCNE OCAKAEHUA NPU PA3OMKHYTON LLenu

- MOHUTOPUHT Nepe3apsaKeHus

CnoXHocrtu:
- CunbHOe pasynopagoveHune, BNAOTb A0 PEHTTEHOAMOPPHOCTU
- OrpaHU4YeHHOCTb TONIWMH OCaAKOB 1 NAOWAAN SNEKTPOA0B

- Hannune KPUCTaNTU4EeCKNX NOANOHKEK



