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Abstract—Joint anodic deposition of manganese, cobalt, nickel, and chromium oxides, which form binary
oxide systems, from two-component sulfate solutions of the constituent metals was studied under different
electrolysis conditions.

Multicomponent oxide systems of the type LiCo under varied electrolysis conditions. Data of this kind
Mn,_0,, LiCoMn,_,O, and Mn\,Os, prepared by are unavailable in the literature.

“doping’ of traditional electrochemically active oxides ¢ electrolysis was performed in a 0.234tem-

of manganese, 'vanadium, etc., are of inter_esft fo[5erature-controlled glass cell. Smooth plates of tech-
developing efficient cathode materials for lithium pieg grade VT-1 titanium served as a cathode. The
batteries [+4]. Such materials are mainly prepared,yides under study were deposited as compact coat-

by chemical-thermal synthesis of stoichiometric mechl-ngs on two sides of gauze and plate-like 12X18H9T

anical mixtures of thermally unstable salts of the cOrgiaa| anodes of size $010x 0.15 and 10« 10 x
responding metals (with simultaneous modificatiory 3 mm respectively, &, : S. = 1 : 5. An X-ray dif-

of the forming oxide compounds in the presence Ofaciion analysis was used to study on disperse deposits
lithium carbonate or hydroxide, if necessary). The esg; weight 0.1-0.15 g, obtained on a smooth VT-1
sential drawback of this method is the difficultly (ianium plate. The solutions were prepared from pure
controllable synthesis and the contamination of theyny analytically pure reagents and distiled water.
final product with impurities formed in side reaCt'OnS'Two-component solutions based on manganese, co-
This makes preferable the electrochemical synthesig,; nickel, and chromium sulfates were used in the
of complex oxide systems by anodic deposition fromyy,qy - The total concentration of the solutions stud-
agueous solutions containing salts of co-depositefly was within the range 0-®.4 M at a ratio of
metals [5, 6]. The electrolytic synthesis is advantageqe main to doping components from 5 : 1 to 1 : 5.

ous becau_se of the possibility of prepar!ng homogene@l‘ runs were performed at 853°C and pH 2.02.5.
ous materials, whose components, unlike the case §he glectrolysis parameters were chosen on the basis
mechanical mixtures, have related structures and cag preliminary experimental tests. The deposition rate

ecermmen o aiows. obgonto g Yo (M3 e 1) was determined fom the wigh
ain upon electrolysis per unit surface per unit time.

free cathodes by direct deposition of complex oxid olarization curves were taken in a special three-

systems onto a smooth or gauze stainless-steel su yamber cell on a plate-like 12X18HIT steel anode

strate. Vanadium(V) oxide, synthesized simultane;o _ . :
ously with manganese oxide, shows better electr S = 1 onf) with surface roughness corresponding

. g toV7-8atS : C.=1:4 and current densities in
c_hemlcal pe_rformance than the individually synthethe range 0.550 MA e, The potentials were mea-
sized material [7].

sured relative to a silver chloride reference electrode
Therefore, it was appropriate to study the pos{E = +0.225 V) with a ShCh-4315 digital voltme-
sibility of preparing complex binary systems by jointter. The X-ray diffraction analysis was done on a
electrolytic deposition of oxide compounds of man-DRON-2 diffractometer. The microstructure of the
ganese, cobalt, nickel, and chromium from mixedsurface of deposits {B.5 um thick films) was stud-
agueous solutions of salts of metals co-depositegtd with a nanoscope. The quantitative composition
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Mn?* + 2H,0 — MnO, + 4H" + 2e,
EC = 1.23 V, 2)
T
& 2C?* + 3H,0 — Co,0; + 6H' + 2e,
5 EC = 18V, (3)
g
z 2Ni?* + 3H,0 — Ni,O3 + 6H" + 2e,
A‘U
EC = 1.75 vV, (4)
Ni2* + 2H,0 — NiO, + 4H" + 2e,

1:0 T 0:1 EC = 1.68 V, (5)

CMnso, : CMso,

+

2CP* + 3H,0 - 2CrO; + 6H" + 6e,
Fig. 1. Deposition rateVy,, of binary oxides vs. the con- 0 -
centration ratio of sulfateg of co-deposited metalgM). E 1.36 V, ©)
Total concentration 0-30.4 M, T = 85°C, pH 2.0-2.2, ) )
i, = 15 mA cnT?; the same for Fig. 4. Systemt)(Mn-Co, Ni;O3 + Mny,O3 — 2NIO + 2MnG,, (7)
(2) Mn-Ni, and @) Mn-Cr.
) ) ) 2CrQ; + 3Mn,0O3 — Cr,O3 + 6MnOG.,. (8)
of the deposits was estimated approximately by the
oxalate technique chemical analysis [8]. Reactions (1)(6) are related to standard redox sys-

Figure 1 shows how the deposition rate of the sysl€ms. The _standard elt_ectrode potentials for threse-
tems studied varies with the ratio of the main com{ions are given according to the data of [9, 10]. How-
ponents in mixed solutions under the indicated condi€Vver, only reactions (f3) can actually occur under
tions of electrolysis. With increasingdopant con- the conditions considered. In the given case, reactions
centration in a solution, the deposition rate gradually4)-(6) are concurrent and can proceed to give oxide
decreases in all cases. Comparison of the depositi@®mpounds only simultaneously with manganese ox-
rates of individual manganese and cobalt oxides frorfflation. Reactions (7) and (8) are quite permissible,
their solutions under comparable conditions of elecwith account taken of the probable ionic and inter-
trolysis (20-25 and 2.53.0 mg cm? h™?, respective- phase interaction of conjugate components in anodic
ly) shows that the efficiency of the anodic procesgleposition under certain conditions. This is confirmed
decreases steadily with increasing dominating role ddy X-ray diffraction analysis of the corresponding
delayed formation of th&doping phasein the anodic binary systems, in which the presence of all of the
deposit (Fig. 1, curvel). Similar dependences were oxide phases described by equations-(4) and (6)
obtained for the systems MNi and Mn-Cr. How- (8) was revealed [reaction (5) is intermediate].

ever, the deposition rate for these systems decreases - " .
more sharply with increasing dopant concentration Probably, processes of joint deposition of the oxide

(Fig. 1, curves2, 3). This is accounted for by the fact SYSEMS studied may occur stage by stage or follow-

that, under the given conditions, nickel and chromiunjd Other, more complex schemes. This is indirectly

oxides cannot be deposited directly from their soluConfirmed by comparative analysis of theE depen-

tions, and are co-deposited with manganese oxi ences characterlzmg_the process of joint deposition
onto the anode. Apparently, the forming manganesg 9 2)- A characteristic feature of these dependences
oxide acts as a catalyst, energetically facilitating thdS the presence of an intermediate plateau at potentials
transition of the conjugate metal ions into the oxidaPreceding the ascending branch. The relative position

phase and the formation of stable oxide compound%nd the character of the corresponding curves depend
in the joint anodic process. on the manganese to metal salt concentration ratio

) ) ) ) Mn : M (where M is Co, Ni, and Cr) in solution.
The fea3|b!e anodic reactions corresponding to thg can be seen in Fig. 2 that raising thelopant
systems studied can be represented by equatiors (ldoncentration makes the anodic polarization stronger
(6) [9, 10] and concurrent redox reactions (7), (8): and the current density lower. In this case, the rel-
o4 . ative shift of the upper portions of polarization curvers
2Mn®" + 3H0 — Mny03 + BH™ + Ze, for the same binary system at the concentration ratio
EC = 1.0V, (1) in solution varied from 3 :1to1:3is 0.28.25V,
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and that of the lower portions at the level of the in- 2
flection points, no more than 0.1 V. At current den- 1347 /34
sities lower than 5 mA ¢ the curves virtually merge 70
together, irrespective of the above ratio.

The influence exerted by the nature of a doping
component is manifested as enhancement of the anod-
ic polarization in order Co < Ni < Cr, in agreement
with the dependences of the deposition rate on the
Mn : M ratio in solution (Fig. 1). Comparison of the
lower portions of thei —E curves for binary systems
with a similar dependence of the anodic deposition of
manganese oxide from its solutions shows that oxida-
tion of manganese to give oxide is the potential-de-
termining process, irrespective of the Mn : M ratio.
This process is accompanied by simultaneous reac-Fig. 2. Currentvoltage characteristics of anodic formation
tions of binary oxide formation and hydrogen evolu- ©f (1) manganese and) cobalt oxides from their solu-
tion, which are more intensive in the range of the tions and binary oxides from mixed sulfate solutions of

: co-deposited metals at concentration rati@s5f 3 : 1 and
upper ascending branches of the curves. (3-5) 1 : 3. Total concentration 0-3.4 M, T = 85°C,

Probably, the less positive anode potentials in the PH 2.0. {z Current density andE) potential. System:
lower portions of the curves result from the occur- (3 3) Mn-Co, @ 4) Mn-Ni, and 6, 5) Mn-Cr.
rence of reactions of the first stage of magnesium ox-

iy, MA cm™?

idation Mrf* — Mn®" and oxygen discharge on the 2ok i
initial weakly oxidized stainless-steel surface, pro-

ceeding with lower energy expenditure. After a solid 2
oxide film is formed on the anode and the limiting = 3
diffusion current of the co-deposited metal ions is <€

reached, the process passes into a new stage (upper 5 4
portions of the curves), with the corresponding change 2 10r

in the relative rates of the concurrent anodic reactions: B

O, > oxide(Mn-M). The energy balance of the anodic Se 5

process as a whole is determined by the polarization
of electrode reactions invilving oxygen evolution on
the anode surface shielded by a solid oxide film and . . .

of co-deposition of oxide compounds of the conjugate 10 20 30

oxide system. In this case, raising the concentration -2

of the “doping’ phase causes a corresponding increase

in the anodic polarization. This follows from a com- Fig. 3. Deposition rate/yep of the double oxide MaCr vs.
parison of the upper portions of the curves for the sys- anodic current density, at variousCyinsg, * Ceryso,),
tems with Mn : M ratio higher and lower than unity ratios. Total concentration 0-8.4 M, T = 85°C, pH 2.0-
(Fig. 2, curves3, 3; 4, 4; 5, 5). As seen, the upper  2-> Cunso, * Corsopy W 5:1,.@3:1,.6) 11,
portions of curve8-5' lie at more positive potentials (9 1 : 3, and §) 1 5.

than the corresponding portion for deposition of co-
balt oxide from its solution.

ip, MA cm

S|ty, observed for the binary systems studied at var-
ious Mn : M ratios (for the example of the M@r

The current density on the surface preliminarilysystem; Fig. 3). The dependences are similar for all
coated with a solid film of the corresponding binaryMn : M ratios: the deposition rate sharply increases
oxide steadily grows with increasing potential and rein a narrow range of current densities and reaches
aches the limiting values for the given binary systentertain limiting values at, = 15-20 mA cnt. In this
without intermediate plateaus (Fig. 2, curyedashed case, the limiting values dﬂde totally c0|nC|de with
line). This confirms the considered kinetic origin of the corresponding values in the dependence of the de-
the electrode processes studied at different curreposition rate on the Mn : M ratio at constant current
densities. The last assumption is in accord with thelensity (Fig. 1, curve3) and decrease at higher
dependences of the deposition rate on the current defdopant concentrations.
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position on the anode. These compound correspond

2
2
2
2
2
2
2

5
sofxi § 2228 5 2 to the most thermodynamically stable forms: MpnO

=50k S § ades g ac2% 3 % CoO, Cq0,, NiO, Ni,O3, and CyO; (Fig. 4). These

= S N systems are the most reliably identified by diffractom-

(=]
4
o

etry at Mn: M=3:1 and after high-temperature treat-
ment at 400, 650, and 72@5C°C. Simultaneous

S <. ¢ g
- 3 & 3 S, modification of the obtained complex oxides in the
.30r : 53 2 oz & 2 presence of lithium hydroxide or carbonate is a pre-
S = M & )\5 requisite to synthesis of electrochemically active oxide
0 -~ = systems in the form of double spinels of the type

205
03

2 22%5;; 22 : ] LiCo,Mn0,_,0,, LiCr,MnO,_,0,, etc.
S0 & zipdes ks s lls ! Presently, the origin of the structural and molecular
= 0 L AN correlation in the bulk between the systems studied is
10 30 50 70 unclear. A certain information can be obtained from
20, deg a comparative analysis of the microstructure and
microrelief of the surface of thin-film coatings of the
Fig. 4. Diffraction patterns of binary oxidesl) Mn-Ni, corresponding oxides, deposited onto a smooth stain-

(2) Mn-Co, and 8) Mn-Cr, deposited from solutions lesssteel substrate at Mn : M = 1 : 2 (Fig_ 5).
with concentration ratios_“,,\,mso4 " Cuso, =1:3 and ]
heated in air to 42T for 7 h. (/ly) Relative intensity Analysis of the presented data shows that the struc-

and (®) Bragg angle. tures of individual oxides and mixed oxides differ
o _significantly. For example, photomicrographs of the

_ After the limiting values are reached, the deposisyrface of the deposits, taken under the same magnif-
tion rate gradually decreases with increasing currengation, show that the structure of manganese oxide is
density, which is due to the growing contribution coarsely grained crystalline with typical layer-by-layer
to the energy balance of the anodic process from thgrowth of separate grains (Fig. 5a). At the same time,
hindered reaction of doping phase formation and tqhe cobalt oxide structure is more finely grained, with
the increasing fraction of joint oxygen evolution. ThiSrandom orientation of crystals (Fig. 5b).
circumstance is in agreement with the curreottage ,
characteristics of the anodic formation of the corre- The structure of co-deposited manganese and co-
sponding binary systems (Fig. 2). Apparently, thebalt oxides in a mixed anodic deposit essentially dif-

fraction of the dopmg phase in the binary deposi]fers from the structure of the individual oxides in
must grow in the given case. that a peculiar pattern of finely grained randomly

_ _ distributed“combs’ is formed, which makes the spe-
Such an increase also takes place when the Mn : Mific surface area of the deposits considerably larger
ratio in solution is changed toward increased CONCenyrig. 5c).

trations of the concurrent component. For example,

approximate quantitative estimate of the composition Deposits with a similar structure are also obtained
of the binary Mn-Co oxide shows that, with the in joint deposition of manganese and nickel oxides.
Mn : Co ratio in solution changed from 1 : 2to 1 : 3, This is possibly due to the similar mechanisms of
the content of cobalt oxide in the deposit may increaséormation of the double systems under consideration
from 12-15 to 20 wt %. For the MaNi and Mn-Cr  (Fig. 5d), governed by the interaction of conjugate
systems, these values are lower:-1@ and 58 wt %, phases in the stage of their formation and crystalliza-
respectively. Similar relationships are retained foition into grains.

all of the systems studied When the total concentra- Unlike these systems, MiCr oxide is obtained on
tions of the corresponding components in solution arg o anode in the form of finely grained columnar de-

;aalrsneed’vas\?ev(()etrh e;t E/:ﬁc,tr&lyf'i ((iop g't'f psg bei'g? ;Egposit with rather developed surface (Fig. 5e). These

total concentration above 100 ¢, the deposition rate d_e posits are cha(acterized _by ordered structure with
decreases considerably owing to the increased contli'llghueausy aﬁé"?i?egs'c Aaltzrrré?]ttllon ﬂ?; ggglzlgnilgringfcﬁlu-
bution of the hindered formation of the doping phase y ges. APD Y,

tleation and interaction of molecules of the conjugate
According to the results of X-ray diffraction ana- phases is more intensive in this system, compared

lysis, the materials studied are two-phase systemsith deposition of the binary oxides considered in

consisting of oxide compounds formed by joint de-the present study. This impedes growth of manganese

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 75 No. 2 2002



ELECTROLYTIC SYNTHESIS OF BINARY OXIDE SYSTEMS 217

() (d)

Fig. 5. Photomicrographs of the surface of the electrolytic deposits of (a) M@ Co,03, and binary oxides (c) M¢Co,
(d) Mn-Ni, and (e) Mn-Cr obtained from solutions with 1 : 2 concentration ratio of sulfates of co-deposited metals.

oxide crystals and facilitates their degeneration in the These data suggest that, from the standpoint of
early stage of development. energetics, the binary oxides studied are a certain in-

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 75 No. 2 2002



218

termediate system between a homogeneous mechan-
ical mixture and the single-phase chemical compound.

CONCLUSIONS ,

(1) It was demonstrated that complex oxide sys-
tems, showing promise as active supports for effi-
cient cathodes of lithium batteries, can be obtained
in various combinations (M#Co, Mn-Ni, Mn-Cr,
etc.) by electrolysis of two-component solutions of
Mn(ll), Co(ll), Ni(ll), and Cr(lll) sulfates at certain
ratios of their concentrations and certain electrolysis 4
parameters.

(2) The necessary condition for electrolytic syn- 5.
thesis of such materials is the presence of a base ox-
ide material, which can be deposited individually on 6.
the anode in reasonably high yield, e.g., manganese
and cobalt oxides.
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