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Abstract

An attempt was made to enhance the oxygen evolgfficiency in seawater
electrolysis by additions of antimony and molybeernio manganese—tin—tungsten oxide
electrocatalyst prepared by anodic deposition oa thtermediate k., ,SnSBO,.05/Ti
electrode Ir1_,,SNSKO,.0.5/Ti supported nanocrystalling-MnGO, type Mn—-Sn-W-X(X=Sb
or/and Mo)-O electrocatalysts with grain size obab4-8 nm were tailored by anodic
deposition and these anodes showed almost 100 ¢enxgvolution efficiency at current
density of 1000 A.fhin 0.5 M NaCl solution of pH 1 at 5. They guaranteed the stable
anode performance of 99.60-99.85% oxygen evoldificiency for more than 5 months at
current density of 1000 A‘in 0.5 M NacCl solution of pH 1 at 25.
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Introduction

The intergovernmental panel on climate change ()Pi€slied a statement on August
1990 declaring that more than 60 % of £#issions must be cut in order to retain a level
of long-life greenhouse gases. It has been repthetdhe energy consumption by a person
in developed countries in 2005 was 5.9 times ahb hig that by a person in developing
countries and the world energy consumption on the¥age during 18 years since 1990
resulted in 1.0193 fold increase every yed@his means a continuous increase in primary
energy consumption results in continuous increas€®, emissions. Such a huge €0
emissions resulting from complete exhaustion o$ifdsiel reserves will induce intolerable
global warming. Considering these facts, Koji Hasbtio and his research groups of
Tohoku University and Tohoku Institute of Techngloip collaboration of Daiki Atka
Engineering Company of Japan are proposing gloalr€cycling project to prevent global
warming and to supply abundant energy convertad Bolar energy’.

" Corresponding author



J. Nepal Chem. Soc., vol. 25, 2010

Key materials necessary for the global G€cycling project are anode and cathode
for seawater electrolysis, and catalyst for ,G&@nversion into Ck from the reaction
between C@and H. Hashimoto and coworkers are tailoring these keyenmals of anode
and cathode for seawater electrolysis, and catditystCO, methanation. Furthermore,
oxygen production is prerequisite without formingvieonmentally harmful chlorine for
safety production of hydrogen in seawater elecsislyFor large—scale seawater electrolysis
to produce the hydrogen gas at cathode for prevewti global warming, environmentally
harmful chlorine release is not allowed. Therefamee of the most difficult subjects in
tailoring key materials for the global G@ecycling project was the anode for seawater
electrolysis because, for GHbroduction a great quantity of chlorine emissi@ms not
allow, and hence the anode should evolve only axygéh very high efficiency and
durability even in seawater electrolysis at veghhturrent density of 1000 A’m

Varieties anodes composed oFMnQO, type double or triple oxides for
electrocatalysts were prepared by thermal decoriposi and anodic depositidi* on
IrO,/Ti electrode, and these anodes showed about 90%40itial oxygen evolution
efficiency in the electrolysis of 0.5 M NaCl soluti at the current density of 1000 A?m
These anodes were formed by two layers; the oayer lis electrocatalysts gFMnGO, type
double or triple oxides and the intermediate oxidger preventing the formation of
insulating titanium oxide on the titanium substretgenerally IrQ. However, in order to
supply a future hydrogen demand in the world, th@wnt of iridium is not sufficient to
manufacture the anodes for seawater electrolysal.afTherefore, the alternative materials
to IrO, those should have sufficient durability and corigiity at high potentials for anodic
polarization, and the same rutile structure as, Bi@ required.

The present author has been reported that the MASMeO electrocatalysts on the
intermediate layer of {r,.,.SnShO,.05/Ti electrode containing 7.1 % of 1§079.0 % Sn@
with 13.9 % of SKOs from surface analysis using x-ray photoelectroecspscopy
techniqué® showed about 99.7% oxygen evolution efficiency (QPBEer electrolysis for
about 3400 h in 0.5 M NaCl of pH 1 at high curratgnsity>'**> Similarly, the
electrodeposited Mn—-W-Sn—O electrocatalyst on theermediate layer of the Iy
yonShO,.05/Ti electrode showed about 99.85 % oxygen evoluteficiency after
electrolysis for about 3600 h in 0.5 M NaCl of pHt11000 A.ii¥ current density. In this
context, the present research work is focused ¥eldp a more stable and efficient oxygen
production  Mn-Sn-W-X(X=Sb,M0)-Ofl5_,SnSh0,.c5/Ti anodes for seawater
electrolysis. Particular attention was paid to tifgrihe roles of antimony and molybdenum
additions in Mn—-Sn-W-0/ {r,_,SnSh,0..¢5/Ti anodes on the oxygen evolution efficiency
and carried out the durability test of the anode3.5 M NaCl of pH 1.

Experimental Methods

Punched titanium metal substrate was treated inMDI3F solution to remove air—
formed oxide film, rinsed with de—ionized water &hdn subjected for surface roughening
by etching in 11.5 M BBO, solution at 88C as described elsewhere in detal$ The
treated—titanium metal was used as substrate fatingp of the intermediate 4lf_

-10 -



J. Nepal Chem. Soc., vol. 25, 2010

vSnShO;,.q5, OXide layer. The lr,,SnSh0..q5, intermediate oxide layer was prepared
using coating solution which was prepared by mixiofg 0.024 M chloroiridic acid
{H.IrCle.6H,0}, 0.0676 M tin chloride {SnGI5H,0O} and 0.0084 M SbGl butanolic
solutions in which the sum of the metallic catioves kept at 0.1 M. The details about the
coating procedures are described eleswhételt is noteworthy to mention here that
iridium, tin and antimony oxides on the titaniunbstrate were identified as l§O5nQ and
Sh,Os, respectively, from XPS analy$isind the intermediate; l5_,SnSh,O;,.q 5, layer was
consisted of triple oxides of a rutile structurehwfine grains instead of the mixture of
oxides of iridium, tin and antimoiy*’.

The In_,,SnSh0,., 5, intermediate oxide layer—coated titanium substsgkecimen
is also called as ir,.,SnShO,.q5/Ti electrode was degreased by anodic polarizaion
1000 A.m? for 5 minutes in 10 M NaOH solution and then eleetnalytically rinsed at
1000 A.m? current density for 5 minutes in 1 My$0, solution at room temperature. The
Mn-Sn-W-X(X=Sn,Mo0)-O electrocatalysts for oxygen olation were anodically
deposited on the clean and activated, §\SnShO,.5/Ti electrode at 600 A in the
solution containing 0.2 M MnS&H,0O + 0.006M SnCI5H,0 + 0.0045 M Ng@NO,.2H,O
+ {0.003 M SbC} solution or 0.003 M N#00,.2H,0} at pH —-0.1 and 9T for 90
minutes. The electrodeposition of the Mn—-Sn—-W-X(K80) oxide electrocatalysts were
carried out by exchanging electrolyte for everynd@utes.

The performance of the Mn-Sn-W-X(X=Sb,Mo)-Q{rSnSh0,.,5/Ti anodes
was examined by oxygen evolution and galvanostatitarization measurements. The
oxygen evolution efficiency was measured by elégsio at a constant current density of
1000 A.n¥ in 300 ml of 0.5 M NaCl solution of pH 1 until teenount of charges of 300
coulombs was passed. The amount of oxygen evoheasl determined as the difference
between the total charge passed and the charghlfoine formation during electrolysis as
described elsewhét€. The amount of chlorine formed was analyzed bynedric titration
of chlorine and hypochlorite.

Galvanostatic polarization measurement of the mldeposited Mn—Mo—X-
O(X=Zn,Sn,W) electrocatalysts on the_{r,SnSh0,.¢5/Ti electrode was carried out in
0.5 M NacCl solution of pH 1 at room temperaturee Tdhmic drop was corrected using a
current interruption method. The potential writterthis paper hereafter is the overpotential
and relative to Ag/AgCI reference electrode wittusated KCI solution.

The surface morphology of the anodically deposied-Sn—W-X (X=Sb,Mo)-O/Ic
wyonSh0,.05/Ti anodes were observed using confocal scannirsgr lanicroscope
(CSLM). The laser source used was He—Ne having Magth of 633 nm. The
electrodeposited Mn—Sn-W-X(X=Sh,M0)-Q/r,SnSh0y.q5/Ti anodes  were
characterized by X-ray diffraction (XRD) patternsing Cu K, radiation and surface
composition was analyzed by-Fay photoelectron spectroscopic (XPS) techniques.
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Results and Discussion

Figure 1 shows the effects of the additional elements om MnNOJ/Iry_,
vSnShO,.05/Ti anodes for initial oxygen evolution efficieneyeasured in 0.5 M NaCl
solution of pH 1 at the current density of 1000 A.nThe additions of antimony and
molybdenum on the Mn—-Sn-W-Q/l,SnSh0,.5/Ti anodes showed high activity of the
oxygen evolution efficiency of about 98-99 % in 0/5NaCI solution of pH 1 at Z&. In
particular, the initial oxygen evolution efficiencyf the Mn-Sn-W-Mo—-O/ir,-
ySnShO,.05/Ti and Mn—-Sn—W-Sb—-Mo-O4ls_,SnShO,.q5/Ti anodes showed highest
oxygen evolution efficiency, that is, about 99 %ta current density of 1000 A7in 0.5
M NaCl solution of pH 1 at 2& (Fig. 1). This result revealed that the simultaneous
additions of antimony and molybdenum or molybderanty seem to be more effective for
the initial oxygen evolution efficiency than thengie addition of antimony in the Mn—Sn—
W-0O/Ir1_x,SNS0,.5/Ti anode.

T T T T T T
Mn-Sn-W-X(X=Sb,Mo0)-0 electrocatalyst
formedonlir : Sn Sb O
1Ixy x .y

/Ti intermediate layer
2+0.5y

by anodic deposition in 0.2M Mn®*+0.006M Sn**+
0.0045M W**{0.003M Sb>* or/and 0.003M Mo®'}
at 90°C and 600 A.m* for 90 min.;

Electrolysis in 0.5M NaCl of pH 1 at 1000 AR
100 T

...
98
oo ©®

96

94

Initial Oxygen Evolution Efficiency / %

92

~Mn-O-anly
~Mn-Sn-0O
~Mn=Sn-W-0
~Mn-Sn-W-Sh-O
~Mn-Sn-W-Mo-O
~Mn-Sn-W-Mo-Sh-O

90
Mn-Sn-W-X(X=Sh,M0)-O Electrocatalysts

Figure 1: Initial oxygen evolution efficiency of the Mn—8¥-X(X=Sh,Mo)-O/l,_
,SNSKO,.05/Ti anodes in 0.5 M NaCl of pH 1 at the currentsignof 1000 A.rfu

Figure 2 shows the durability result on the Mn-Sn—W-X(X380)-O/Iry_,_
vSNSh0,.05/Ti anodes in 0.5 M NaCl solution of pH 1 at°@5 The initial oxygen
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evolution efficiency of the Mn—Sn-W-0/l_ ,SnShO,.¢5/Ti anode is 97.75 %, whereas
those of the Mn-Sn-W-Mo-O{lx_,SnShO,.5/Ti and Mn-Sn-W-Sb—Mo—-Ofls_
yonShO,.05/Ti anodes are about 99 % as shownFig. 1 However, all the three
examined anodes showed about 99.70 to 99.85 % obxggelution efficiency after
electrolysis of 0.5 M NaCl of pH 1 at %5 for about 500-3600 hours and the oxygen
evolution efficiency of all three different anodssindependent of the electrolysis time for
about 3600 hours. These results revealed thahallekamined three different electrodes
guaranteed the stable anode performance of ab@®&dl6xygen evolution efficiencies for
more than five months at very high current density000 A.nY.

Mn- Sn W X(X= Sb Mo) 0] eIectrocataIvsts
formedoniIr.  Sn SbO_ /Ti intermediate layer
1-xy x 'y 2+05y

by anodic deposition in 0.2M Mn®+0.006M Sn**+
0.0045M W**{0.003M Sb>" or/and 0.003M Mo®}
at 90°C and 600 A.m for 90 min.;
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Figure 2: Changes in the oxygen evolution efficiency ofMime-Sn—W-X(X=Sbh,Mo)-O
electrocatalysts electrodeposited in the,l5SnSk O, 5, inter-mediate layer on the
titanium substrate in 0.5 M NaCl of pH 1 at theremt density of 1000 A:f
as a function of electrolysis time.

Figures 3and4 show the changes of the surface morphologieseoMih—Sn—W-Sbh—
O/Ir1ySNSB 05405/ Ti and Mn—-Sn—-W-Mo-0/1r,.,SnSh0,.,5/Ti anodes, respectively,
before and after electrolysis in 0.5 M NaCl solatiwf pH 1 at the current density of 1000
A.m? for about 3600 hours. In both anodes, numbersasfks and pores on the surface of
the anodically deposited anodes were decreaseaatrtod smooth surface after electrolysis
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for about 3600 hours in 0.5 M NaCl solution. Thesealed that the filling of the cracks by
the beneficial ions (M, Sr*, W**, Mo®", S or SB*) presence in the electrocatalysts was
clearly observed after electrolysis of the ano@esabout hundreds of hours. In accordance
of the changes in the surface morphologies, thailityy of the oxygen evolution efficiency
of these two anodes increased with increasingldwtrelysis times and became steady state
after electrolysis for about 500 hours as showiign 2

Figure 3: Changes in the surface Figure 4. Changes in the surface
morphology of the Mn-Sn-W-Sb—  morphology of the Mn-Sn—-W-Mo-
O/Ir1x4,SNSRO,:05/Ti  anode (a) O/Ir1x4,SNSRO,:05/Ti  anode (a)
before and (b) after electrolysis for before and (b) after electrolysis for
about 3600 hours in 0.5 M NacCl of pH about 3600 hours in 0.5 M NaCl of pH
1 at 1000 A.M. 1 at 1000 A.M.
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Figure 5shows IR-corrected galvanostatic polarization earfor electrodeposited
Mn-Sn-W-X(X=Sb,Mo0)-O electrocatalysts on the,ltSnShO,.q5/Ti electrode in 0.5
M NaCl solution of pH 1 at 2&. The anodically deposited Mn—Sn—-W-Q/r
vSnShO,.05/Ti anode shows lowest oxygen overpotential amdreg dther Mn—Sn-W-
X(X=Sb,M0)-0O/1_4,\SNSBhOy:05/Ti, MN-=SnN—0/lf_,,SNSBO-.05/Ti and MnQ/Ir,_.
yonShO,.q5/Ti anodes at current density of 1000 A.ias shown irFig. 6 In particular,
the oxygen overpotential at the current densityl@®0 A.n* of the Mn—-Sn-W-O/lr,_
vSnShO,.05/Ti anode is significantly shifted to lower potettvalue than that of the Mn—
Sn-0/1k_,SnSh/0,.5/Ti anode and this over potential value is evenelothan those of
Mn-Sn-W-Sb-0O/It,,SnSB0;.05/Ti, MN-SN-W-Mo-O/I{_,,SnShO,.95/Ti and Mn—
Sn—-W-Sb—-Mo-0O/lt,,SnSh0;,.05/Ti anodes Kig. 6. Consequently, it can be said that
tungsten addition to Mn—Sn—0O electrocatalyst iseveffective for showing high electronic
conductivity of the electrocatalyst than the addis of antimony or/and molybdenum to the
Mn— Sn—W—O/I[_X_ySn(Sh/OM 5/ Ti anode in 0.5 M NaCl of pH 1 at the current dgnef
1000 A.n?.
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Figure 5: Galvanostatic polarization curves measured inld.®aCl of pH 1 at 2% for
the electrodeposited Mn—Sn—W-X(X=Sb,Mo)-Q/6nShO,.q5/Ti anodes.

The oxygen overpotential at the current densitg @30 A.m? for three Mn—Sn—-W-
Sb-0/1k_,SNSBOy+0.5/Ti, MN-SN-W-Mo-O/l{_,,SnNShO,.05/Ti and Mn-Sn-W-Sb—
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Mo—-0O/1r_«,SnSh0,.05/Ti anodes is almost same value (that is, aboul.60 V vs
Ag/AgCI) and this overpotential value of these éhdifferent anodes is lower than that of
the MnQ/Ir1_,,SNSHO,.05/Ti and Mn-Sn—-O/lr,,SnSh0,.,5/Ti anodes. Furthermore,
it is noteworthy to mention here that the oxygerrpotential value of 1.60 V vs Ag/AgCl
at current density of 1000 A:fmobserved in the present study is almost same \asue
reported for the anodically deposited Mn—X—Y—O(X=Mb&Y=Sn)/IrO,/Ti anodes™****

1 However, the amount of iridium content in theembediate oxide layer of the,lf
vSnShO,.05/Ti electrode is only about 1/22 of the WO electrodes. These results
revealed that the addition of Sp@ith small amount of S5 to the intermediate layer of
the Mn—X-Y-O(X=Mo,W&Y=Sn)/li_,.,.SnShO,.q5/Ti anodes is effective to decrease the
use of IrQ to about 1/22, maintaining high electronic condutst of the intermediate |r,._
yonShO,.05, layer on titanium substrate. The result revealedt the simultaneous
additions of tungsten, antimony and molybdenumhe ¢lectrodeposited binary Mn-Sn
oxide electrocatalysts is more effective for higgceronic conductivity of the Mn—Sn—based
Mn—-Sn—X-Y(X=W;Y=Sb or/and Mo)-OAr,,SnSh0,.¢5/Ti anodes.
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Figure 6: Oxygen overpotentials of the MNn—-Sn-W-X(X=Sb,Ma)+Q.,SnSKO.¢5/Ti
anodes at the current density of 21000 Aim0.5 M NaCl of pH 1 at 2&. The oxygen
overpotentials of the MnO2/Irl—x—ySnxSbyO2+0.58d Mn—Sn—O/Irl—x—
ySnxSbyO2+0.5y/Ti anodes are also shown for corspari
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The XRD patterns of all the examined Mn-Sn—W-X(X3%p)—O/Ir;_,_
ySnShO,.05/Ti anodes in this study had shown only the reitecof y-MnO2 and the
apparent grain size of these anodically depositenbes was estimated using Schereer
formula and found to be in the ranges of 4-8 nmshHjparate reflections corresponding to
tin, tungsten, antimony and molybdenum oxides vdatected, indicating that the deposits
were single phase oxides. XPS analysis revealet tiha tungsten, antimony and
molybdenum species were in the tetravalent, heratapentavalent and hexavalent states,
respectively. These results revealed that the aaligideposited Mn—Sn—-W-X(X=Sh,Mo)—
O/Ir1,SNSh0,.05/Ti anodes were composed of single-phase nanotinystg—MnO,
type triplet/quadrate oxides consisting of M8, We*, SB* or Mco®* ions.

Conclusions

Successfully tailored new types of nanocrystallme-Sn—W-X(X=Sb,Mo)-O/l .-
yonShO,.q5/Ti anodes. These electrodeposited Mn-Sn-W-—baipdel or quadruple oxide
anodes showed about 99.70-99.85 % oxygen evolaffarency at high current density of
1000 A.n¥ in 0.5 M NaCl solution of pH 1 at 28. The high oxygen evolution efficiency
of these triple or quadruple oxide electrocatalysésntained during prolonged electrolysis
and even after the electrolysis for five or morenths.
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