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Abstract

Successfully tailored new types of nanocrystalline Mn-Mo-Sn-W-O and Mn-Mo-Sn-W-Sb-O electrocatalysts on the intermediate layer of

Iry_xySn,Sby0,.¢ 5y on titanium metal substrate for the production of hydrogen gas from electrolysis of 0.5 M NaCl solution of pH 1 at

very high current density of 1000 A.m? with forming less than 0.3 % of the environmentally harmful chlorine. Antimony and tungsten addi-
tions are more effective for better durability of both the electrodeposited Mn-Mo-Sn-X(X=Sb,W)-0/Ir|_y_ySnSbyO;.¢ 5,/Ti anodes than that

of Mn-Mo-Sn-O/Ir|_y.,Sn,Sby0,.¢ 5,/Ti anode for long period electrolysis of acidic 0.5 M NaCl solution to produce hydrogen. The high

oxygen evolution efficiency (OEE) of the quadrate or more oxides electrocatalysts (i. €., 99.7-99.9 % OEE) maintained during prolonged

electrolysis and even after electrolysis for five or more months. The Mn-Mo-Sn-X(X=Sb,W)-O/Ir|_y_.ySn,Sb;O;.¢ 5,/Ti anodes showed

about 99.7-99.9 % of oxygen evolution efficiency.
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Introduction

The primary energy consumption by a person in developed
countries is about 5.9 times as high as that by a person in
developing countries and the world energy consumption on
the average during last nineteen years since 1990 resulted in
1.0193 fold increase every year (Hashimoto et al. 2009,
2011). This means a continuous increase in primary energy
consumption results in continuous increase in CO, emis-
sions. Such a huge CO, emissions resulting from complete
exhaustion of fossil fuel reserves will induce intolerable
global warming. In this context, it is meaningful for men-
tioning here that the intergovernmental panel on climate
change (IPCC) was issued a statement on August 1990
declaring more than 60 % of CO, emissions must be cut in
order to retain a level of long-life greenhouse gases.
Furthermore, it is noteworthy to mention here that it is
impossible and not meaningful to decrease only the econom-
ic activity of the world for the reduction of CO, emissions
only by efforts for energy saving and by improvements of the
energy efficiency. Considering these facts, Koji Hashimoto
and his research groups of Tohoku University and Tohoku
Institute of Technology in collaboration of Daiki Atka
Engineering Company of Japan are proposing global CO,

recycling project to prevent global warming and to supply
abundant energy converted from solar energy (Hashimoto
1994; Hashimoto et al. 2001, 2009; Kato et al. 2008, 2009,
2011; El Moneim et al. 2010).

Key materials necessary for the global CO, recycling project
are anode and cathode for seawater electrolysis, and catalyst
for CO, conversion into CH, from the reaction between CO,
and H,. Hashimoto and coworkers are tailoring these key
materials of anode and cathode for seawater electrolysis, and
catalyst for CO, methanation for last twenty years. Oxygen
production is prerequisite without forming environmentally
harmful chlorine for safety production of hydrogen in seawa-
ter electrolysis. For large-scale seawater electrolysis to pro-
duce the hydrogen gas at cathode for prevention of global
warming, environmentally harmful chlorine release at anode
during the seawater electrolysis is not allowed. In general,
for large-scale seawater electrolysis to produce hydrogen at
cathode for the CO, recycle project, environmentally harm-
ful chlorine release is not allowed. Therefore, one of the
most difficult subjects in tailoring key materials for the glob-
al CO, recycling project was the development of stable and
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more efficient anode for seawater electrolysis because, for
CH,4 production a large quantity of chlorine emissions are
not allow, and hence the anode should evolve only oxygen
with very high efficiency and durability even in seawater
electrolysis at very high current density of 1000 A.m™.

Varieties anodes composed of y-MnO, type double, triple or
quadrate oxides for electrocatalysts were prepared by anod-
ic deposition on the intermediate layer of IrO,-Sn0O,-Sb,05
layer on the titanium metal substrate. The anodic deposited
Mn-Mo-X(X=Sn,W)-O (Bhattarai 2011a), Mn-W X(X=Sn,
Sb, Mo)-O (Bhattarai 2010a), Mn-Mo-X(X=Zn, Sn,W)-O
(Bhattarai 2010b), Mn-Mo-Sn-O (Bhattarai et al. 2007; Kato
et al. 2008, 2009, 2011; Bhattarai 2008/2009, 2009c¢; El
Moneim et al. 2010) and Mn-Sn-W-X(X=Sb,Mo) O
(Bhattarai 2010d) electrocatalysts on the intermediate layer
of Irjy.,Sn,SbyO,.0s,/Ti electrode showed about 99.70
99.85% oxygen evolution efficiency (OEE) after electrolysis
for about 3400 3600 h in 0.5 M NaCl solution of pH 1 at high
current density of 1000 A.m™. The intermediate oxide layer
of the Iry_,.ySn,Sby0,.( 5,/Ti electrode was prepared using the
mixture of coating solutions (butanolic) containing 0.024 M
Ir*", 0.0676 M Sn** and 0.0084 M Sb>" on titanium sub-
strate in which the sum of the metallic cations in the interme-
diate oxide layer was kept at 0.1 M as described elsewhere
(Bhattarai et al. 2007; Bhattarai 2008/2009). In this context,
the present research work is focused to develop a more sta-
ble and efficient oxygen evolution Mn-Mo-Sn-X(X=Sb, W)-
O/Ir_y.,Sn,SbyO, 15,/Ti anodes for hydrogen production
without the evolution of environmentally harmful chlorine
from electrolysis of 0.5 M NaCl solution of pH 1. Particular
attention was focused to study the roles of antimony and
tungsten additions in the Mn-Mo-Sn-X(X=Sb, W)-O/Ir,_,.
yS1,Sby05 495,/ Ti anodes for the oxygen evolution in elec-
trolysis of 0.5 M NaCl of pH 1 at the current density of 1000
Am?,

Materials and Methods

Punched titanium metal substrate was treated in 0.5 M HF
solution to remove air-formed oxide film, rinsed with de-
ionized water and then subjected for surface roughening by
etching in 11.5 M H,SO, solution at 80 °C as described else-
where (Bhattarai 2008/2009, 2011b; Bhattarai et al. 2007,
Kato et al. 2011). The treated-titanium metal was used as a
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substrate for coating of the intermediate Ir;_,,Sn,SbyO; 1 5y
oxide layer. The Ir;_,.,Sn,SbyO; 1 5, intermediate layer was
prepared using coating solution which was prepared by mix-
ing of 0.024 M chloroiridic acid {H,IrCls.6H,0}, 0.0676 M
tin chloride {SnCl;.5H,0} and 0.0084 M SbCls butanolic
solutions in which the sum of the metallic cations was kept
at 0.1 M. The details about the coating procedures have been
described elsewhere (Bhattarai 2008/2009, 2011b; Bhattarai
et al. 2007; Kato et al. 2011). It is noteworthy to mention
here that iridium, tin and antimony oxides on the titanium
substrate were identified as IrO,, SnO, and Sb,0s, respec-
tively, from XPS analysis (Bhattarai et al. 2007) and the
intermediate Ir_,,Sn,Sb,0, . 5, layer was consisted of triple
oxides of a rutile structure with fine grains instead of the
mixture of oxides of iridium, tin and antimony (Bhattarai
2008/2009; Bhattarai ef al. 2007).

The Ir;.,Sn,SbyO,.o s, intermediate layer-coated titanium
substrate specimen, is also called as Ir;..,Sn,SbyO,.¢s,/Ti
electrode, was degreased by anodic polarization at 1000
A.m? for 5 minutes in 10 M NaOH solution and then electro
analytically rinsed at 1000 A.m™ current density for 5 min-
utes in 1 M H,SO, solution at room temperature. The Mn-
Mo-Sn-X(X=Sb,W)-O electrocatalysts for oxygen evolution
were anodically deposited on the clean and activated Ir;_,.
ySn,Sby 0, 1 5,/ Ti electrode at 600 A.m™ in the solution con-
taining 0.2 M MnSO,4.5H,0 + 0.003 M Na,Mo00,.2H,0+
0.006M SnCl,;.5H,0+{0.003 M SbCls; solution or/and
0.0045 M Na,W0O,4.2H,0} at pH -0.1 and 90°C for 90 min-
utes. The electrodeposition of the Mn-Mo-Sn-X(X=Sb,W)
oxide electrocatalysts were carried out by exchanging elec-
trolyte for every 30 minutes.

The performance of the three anodes, that is, Mn-Mo-Sn-
O/Ir| 4,81, Sby054¢ 5,/Ti, Mn-Mo-Sn-W-O/Ir_4.,Sn,Sb, 0,
+0.5y/Ti and Mn-Mo-Sn-W-Sb O/Ir|_,.,Sn,Sby0,. 5,/ Ti were
examined by oxygen evolution and galvanostatic polariza-
tion measurements. The oxygen evolution efficiency was
measured by electrolysis at a constant current density of
1000 A.m2 in 300 ml of 0.5 M NaCl solution of pH 1 until
the amount of charges of 300 coulombs was passed. The
amount of oxygen evolved was determined as the difference
between the total charge passed and the charge for chlorine
formation during electrolysis as described elsewhere
(Izumiya et al. 1997; Abdel Ghany et al. 2002). The amount
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of chlonne formed was anulyzed by iodimetrs Giration of
chioring amd hypochlarite,

Galvanostalic polarization measurement of (he electrode-
posited M M&Sn-ﬁﬂr._bﬁnxﬂyﬂl,ufﬁ, Mn-Mio-Sn-W-
U."Ir]_h_?:-:n:.'ibrﬂzm_ﬂ.l"li and Mn-Mo-Sn-W-8b  O/Tr, .
¥y Sy O, 5, /Ti electrocatalysts on the Iry.y S ShyOn g 5 f
Ti elecirode was carried out in 0.5 M NaCl solution of pH |
at oo lemperatare, The ohunic drop was comected using a
current interruption method, The potential written in this
paper hereafter is the overpotential and relative o AglagC]
reference elecirode with saturated KO solution.

The surface morphology of the anodically deposited Mn-
Mo-Sn-00Tr, , S0, 8h0y 0 5/Ti,  Mn-Mo-Sa-W-OVlr, .
WSS 5 /Ti and Mn-Mo-So-W-5h OFTry 5 xS0y Sby 05
+oyd 11 anowdes were observed using confocal scanning laser
microscope (CSLM), The laser source used was He-Ne Iiyv-
ing wavelength of 633 nin, The electrodeposiied Mn-Mao-Sn-
OITy oy 50,50y 02405 T, Mi-Mo-Sn-W-0/ Iy, Sn,Sh,
Doy Ti and Mnp-Mo-Sn-W-Sh D.I'Irm_}:-.“n,;shrﬂ-z_ﬂm.fli
anodes were characierized by X-ray dilfraction (XRD) pat-
terms using Cu K, radiation.

Resulls and Discussion

Fig. 1 shows X ray diffraction patterns of the anodically
clecirodeposited Mia-Mo-Sn-W-0' and Mn-Mo-Sn-W-Sh-0
clectrocatulysts on the Iry oS0 Sby0y,0 5,/ Ti clectrode,
There are no separate peaks for manganese, molybdenam,
lin, tungsten orfand antimony oxides on the anodically
deposited  Mn-Mo-Si-X(X=5b, W)-O4Tr, , y30,58h, 05 5 5./Ti
anodes, The XRD patterns of the anodically deposited Mn-
Mn—Rn-}{D{:Sh,WJ-{HIrJ.;.,Sn,Sb}l'};_,,u_H.l'Ti anodes showr
only the reflections of ¥ -MnOy as shown in Fig, 1.

Furthermore, the apparent grain size of the anodically
Jeposited. Mi-Mo-Sn-X(X=5b,W)-O0r, ., 5a,5b,00,4 5, /Ti
nodes was estimated from full width at half maximom
FWHM) of the most intense XRD reflection by using the
scherrer's equation (Bhattarai 20116, Cullity 1977). The
stimated apparent grain size of the clectrodeposited Mn-
Mo-Sn-X(X=5b.W}O/r) . ,Sn,8b, 05,55 /Ti anodes was
ound to be in the ranges of 5-10 nm. These resulis revealed
hat both the anodically deposited Mn-Mo-Sn-W-Or, .
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Fig. 1: XRD patterns of the anodically deposited Ma-
Mu-50-X(X=5b, W)-0 elecirocatalysis on the
Ir._,_}Su,Sh}.ﬂM__ 1 clectrode

oSty 0o 5T and Mn-Mo-S0-W  Sh-OvIr, xS, Shy
511 anodes consisted of a nunocrystalline y-MnOy-type
quadrale or more oxides consisting of Mn™, Mo®, Sn*,
W™ orfand Sh™ jons.

Fig. 2 shows TR corrected galvanostatic polarization curves
measared in 0.5 M NaCl solution of pH 1 at 25 °C for the
unodically  deposited  Mn-Mo-Sn-X(X=Sh W)-OVIr, _
w3030y 02,0 5/Ti anodes 1o study the effect of anfimony
orfand  tungsten oxides in  the Mn-Mo-Sn-(Wir,_
330,500,005 /Ti anode. The galvanostatic polarization
curves  for  the  anodically  deposited Mn-0Tr .,
v, U 5 Th, Mn-Mo-OVlry S0, 85,05 5/Ti and Mn-
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Mo-Sn-(VIr) 5., 50,5by 0 5,/ T1 anodes are also shown for
compurison. All the examined double, triple, guadrate or
more oxide electrocatalysts deposited in the Trp.
S50 g o T clectrode show almost same and lower
oxygen overpotential {thal is, about 1.6 V vs Ag/AzCl) Lthun
that of Mn-OVIr, ; (50,5005, 5,/Ti anode in 0.5 M NaCl
solution of pIl | at the cnment density of 1000 Am,
Furthermore, the Mn-W-8n-Sh-00Ir; S0, Shy O 5T,
Muo-W-Mo-Ofr S0, 8b (0 5 ST, Me-W-Mo-S0-0/r ..
w30 8h O o /Ti and Mn-W-Mo-5n-5b-0VTr,, S0, 50,0
5,/ T anodes show almost same value of the oxygen over-
potential ai e current density of 1000 A.m? and the oxygen
overpotential of these anodes are lower than that of the
MnOyLry , 1 50,5by 04 5y ade. These results revealed Lhat
the simultaoecus additions of molyhdenum, tin, animony
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Fig. 2: Galvanustatic polarteation curves measured for

the anodicully deposited Mu-Mo-Sn-X(X=5b,

W-O/Ir,.; S0 Sb, 0y 05/ Ti anodes afler elec-

irolysis in 0.5 M NaCl solution of pIT 1 at 25 °C
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and tengsten in the Mn-based oxide clectrocatulysl are more
effective for high electronic conductivity of the MnCh(Tr

/in b, O o /Ti anodes.

Fig. 3 shows the effcets of the additional elements on the
Mn-Mo-3n-X (X=5b,W)-O/lr; ; S5, 00y 0TI anodes
for oxygen overpotential al 1000 A and the initial oxy-
gen evolution efficiency measured in 0,3 B NaCl solution of
plL 1wt 25 °C. The oaygen overpotentialg af the current den-
sily of 1000 Am™ for the Mo-Mo-Sn-W-0lr,_,.
51,5, 0.0 5,/ Ti, Min-Mo-Sn-W-Sh-00Tr,_,_ Sn,50,02,y 5
T, Mn-Mo-5n-00VTry S0, 80,05, 5011 and Mo-Moe-OVr
y3 0y Shy 0 5, 11 umodes are almost same (that is, ahout in
L60 W ws AgihgCl) and the overpotcntial values of these
anodes  arg than that of the MnoOyIr .
501,53 5 /Ti anade. It is noteworthy for mentivning here
thut the observed oxypen overpotential value of 160V v
AgfApClut the current density of 1000 A.m™ in the prosent
study 1% aliwost sune as hat reported for the anodically -

lower
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Fig. 3: Changes in the oxvgen overpotential and initinl
oxygen evolution cfficicacy of (he Mi-Mo-5a-
X(X=8b, WOy 50 8h 00,55 /Ti anodes in
0.5 M NaCl of pH 1 at the current densily of
1000 Am
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deposited Mn-Mo-X(X=W,Sn)-(V1r0, 11 wnodes (Trumiya
et al. 19905 Lujimura e el 1999, 2000; Tabaeaki ¢ al. 2000;
El Moncim ef al. 2006). However, the amount of iridium
content in (e Irp Sm S0 O, 5T elecirode is only aboul
1722 of the T clectrode, These resnls revialed thal the
addition of Snl)y with small amonnt of Sha(ls w the interme-
diate  layer of the Mn-Mo-5n-X(X=8bW)-00lr,_,
(S, 0 g 5/ anodes is effoctive to decrease the use of
Iy o aboul 1722, maintaining high electronic conductivily
of the intermediate Iry ., S0.5b, 0y, 5, layer on titunium sub-
sreate. On the other bamd, the additions of antimony and
wngsten on the Ma-Mo-Sn-X{X=5b, WO/, 5n,5b, 0
sy T1 amondes show high wetivily of the initial oxygen eve-
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Fig. 4: Changes in (he oxygen evolution clficiency of the
h'ln-Mﬁ-En—foE'th]—ﬂﬂrm.ﬁl,Sh,.i |1.|.n_-r,,,..lrri
i 0.5 M NaCl of pll 1 at the corrent deasily of
1000 A.m®, s function of electrolysis lime

T

lution cfficicney of aboutr Y8.85-99.25 %, while it is only
about Y750 % in 0.5 M NaCl solution of pH 1 at 25°C (Fig,
3), Furthermore, the durability test on the Mn-Mo-5n-bised
oxide clectrodes was cumied vul,

Fig. 4 shows the dorability mesull on the Mn-Mo-3n-
X(X=5b.W)-OIIFy 50,55, 0,9.5,/Ti anodes in 0.5 M NaCl
solution of pII 1 a1 25 °C. The durahility resull on the eloc-
mxle;::sileﬁ Min-Mo-Sn-0WIr 2 Say Sy D 5,/ T annde was
also shown for comparison. An initial oxygen cvolution ell-
ciency of the Mn-Mo-So-OVTr) . Sa,80, 0,0 5 P11 anode wis
aboul 99,25 %, whereas those of the Mn-bu-30-W-0Wr,_,.
W Sh g e T and Mn-Mo-So-W-5b-Ofr_,Se, 500z,
a5/ 1 anodes were aboul 98.8 ad 990 %, respoctively.
However, both the anedically deposited Mn-Mo-5n-W-
VI 5 oS0, Shy g 5T and  Mn-Mo-5o-W-5b-0/Try
550 g o T anodes showed aboul 99.7 o 99.9 % oxy-
gen evolution efficiency which is slightly higher OEL thun
that ol the Mp-Mo-Se-O0Tr e 5,0z, 55, /17 anvde alier
clectrolysis betweon 500 3650 hours i 0.3 M Nalll ot pH 1
at 25 °C, [urthermore, the oxygen evalution cfficiency of the
Muo-Mo-Sn-X{X=80WHOr, 80,80, 05,05/ Ti anodes is
independent of the clectrolysiz time for aboul 3650 hours.
Conzcquenty, the additions of antimony and lengstcn arc
more effoctive for better durubility of boih the clectrode-
posited  Mn-Mo-Sn-X({3=5b,W) O/Tr,_, Sn 50 0g 5 T2
anides than that of Mn-Mo-Sn-CWir, 50,5000 5,/ Ti
annde for Iong perind clectrolysis of 0.5 M NaCl of pH 1 o
produece hydrogen.

Fig. 5(a) und 5{b) shows the changes of the surface morphaol-
oary of the elecirodeposited Mn-Ma-Sn-X{X=5b, W)-OVIr, ,
50500 g < T anodes hefore and after electmulysis in 0.5
M MaCl solution of pH 1 at the cumrent density of 1000 A.m
? for ahout 1545 hours, respectively, In both anodes, num-
bers of cracks and pures on the surface of the anodically
deposited anodes were decreased to form a smooth surface
after clectrolysis for 1545 hours in 0.5 M MNaCl solution. This
revedled that the filling ol the cracks amd poses by the bene-
Gcial ions (Mn™, Mo™, 80", W or 56°7) presence in (he
clectrocutalysts was cleurly observed aligr clectrolysis for
abuul one week periods or more. In accordonce of Lhe
changes in the sorface morphologics. the durability of the
oxygen evolution cfficiency of these (wo anodes increascd
with incressing the electrolvsis times and hocame stewdy
stute afler elecirolysis Lor about 500 hours or more as shown
in Fig. 4.
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Vig. 5:

Changes in the surface morphology of the Mo-Mo-S0-W-O0Tr_,_ S0, 5h, (4, 5,/ Ti and Mn-Mo-Sn-W-5b-(/lr,

sy 30 5h Oy o (Ti anodes (a) before und (h) after electrolysis at the current density of 100 A.m™ for 1545 h in

0.5 M NaCl solutivn of pH 1 a1 25°C
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