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The effect of substitution of AI**, Ga®* and Sc** ions in the Mn** site
of LagsSrosMnO; on the thermochemical splitting of CO, to
generate CO has been studied in detail. Both LaysSrysMn,.,Ga,0;
and Lag 5SrgsMny,Sc,0; give high yields of O, and generate CO
more efficiently than LagsSrosMn, ,AlLO; or the parent
LagsSrosMn0O;. Substitution of even 5% Sc* (x=0.5) results in a
remarkable improvement on performance. Thus
Lag.5Sro.sMng 955€0.0s03 produces 417 umol/g of O, and 545 umol/g
of CO respectively, i.e. 2 and 1.7 times more O, and CO than
Lag sSrosMn0O;. This manganite also generates H, satisfactorily by
the thermochemical splitting of H,0.

Solar-thermochemical splitting of H,0O and CO, to generate H,
and CO has excellent scope for improving solar- to-fuel
conversion efficiency and is a potential alternative to satisfy
the present day energy and environmental needs.?
Thermochemical splitting of CO, and H,O involving a two-step
process using metal oxides (MO,) is of special interest in this
context. The basic reactions are as follows,

Endothermal Step: MO,, » MO, _s + 5/2 0p—————= D
Exothermal step: MO,,_s + 6CO, — MO, + 6CO
MO,,_s + 6H,0 - MO, + 6H, — — — —(2)

Ideally, oxides which lose oxygen on heating (reduction, step
1) and reoxidize reversibly on interaction with H,0 or CO,
(oxidation, step 2) can best serve the purpose.
Nonstoichiometric oxides such as ferrites, a6 CeO, 7% and
doped CeOzg'11 have been examined for the purpose. Doping
CeO, with isovalent zr**and Hf* has given some promising
results in fuel production.lo'13 Perovskite oxides, La;,SryMnO;
(LSM) involving Mn3+/ Mn* redox active ions have recently
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emerged to be superior candidates to split CO, and HZO.14

Further improvement has been achieved with La;,Ca,MnO;
perovskites.15 Decreasing the size of the lanthanides improves
the fuel production substantially, with the highest CO
production obtained with YOASSrOASMnO}16 B-site substituted
perovskites involving combinations of Mn, Co, Fe, Cr, Al, Mg
have yielded some encouraging results.””?® Remarkable
improvement in the production of H, (CO) by Sr- and Al- doped
LaMnO; in comparison with CeO, has been reported by
McDaniel et al.*” Aluminium doping appears to enhance fuel
production of La;,Sr,MnO; signiﬁcantly.27 % peml et al. 2° have
presented a material design strategy for two-step cycles based
on DFT calculations as well as experimental results on the La;.
«SrkMn, Al,O; perovskites. LaGaO; is known as an ionic
conductor and introduction of transition metal ions in its
lattice results in mixed ionic electronic conductors leading to
as solid oxide fuel cell (SOFC) electrodes.®®*' Ga** doping in La-
Sr-Fe based perovskites increases the oxygen
nonstoichiometryaz'34 while Sc®* increases the oxygen ion
mobility in LSM perovskites and can be employed for the
oxygen reduction reaction and in SOFC cathode.?> *%
Considering the properties of derivatives of LaGaO; and of Sc
substituted of LSM perovskites, Ga** and Sc*" substituted oxide
perovskites would be expected to be good candidates for the
thermochemical generation of CO and H,. We have
investigated the effect of substitution of Ga*" and Sc** in the B
site of Lag sSrgsMnO3 (LSM50) in comparison with the effect of
APP* substitution.”,” We have observed highly improved
performance of Ga** and Sc®* substituted LSMs, with the Sc**
derivative giving remarkable fuel yield.

LagsSrosMn0O; (LSM50) substituted with different proportions
of AI*, Ga®" and Sc*'. Lag 551 sMn,.A,0; (A=Al, Ga and Sc) were
prepared by the sol-gel method starting with metal nitrates.
The gels were heated upto 1400°C to obtain the oxides with
particle sizes in the micrometer regime (details of synthesis
condition and characterization techniques are in ESI, section S-
A and Table S1). We have prepared the AI** substituted LSMs
upto x=0.5, while in the case of Ga**and Sc3+, the compositions
were limited upto x=0.35 (secondary phases precipitates for

3+
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x>0.35) and x=0.1 (Sc,0; segregates ¥ for x>0.1) respectively
(Fig. S1 and Fig. S2). All the perovskite oxides crystallize in the
R-3c space group, as observed by the PXRD patterns in Figs. S3-
S5 (Table S2, ESI). The tolerance factor of the perovskite
increases with x in the AI*" and Ga®' derivatives but decreases
with x in the case of Sc** derivatives, as the size of scis larger
than Mn>" (Table S2, Egn. S6 in section S-C, ESI). FESEM images
and energy dispersive X-ray (EDX) mapping reveal that the as-
synthesized oxides comprise of micron-sized particles and
confirms the homogenous distribution of metal cations as
shown in Figs. S6 and S7. The BET surface area is of around 1-2
mz/g. Reduction of the oxide and splitting of CO, accompanied
by the formation of CO was studied by thermogravimetric
analysis (TGA). Splitting of H,0 was studied by using a locally
fabricated set-up incorporating a gas chromatograph-TCD (see
section S-A-3, ES.I).15 The reduction and oxidation
temperatures in CO, (or H,0) splitting studies were 1400°C and
1100°C respectively.

In Fig. 1, we show representative TGA curves of
LagsSrosMn,,AlLO;  along  with  the histogram of
thermochemical splitting of CO, for x=0.25-0.5. The amount of
0, and CO produced increases with A*" content giving the
highest values of O, and CO produced when x=0.5. Thus, the
quantities of O, and CO produced by the x=0.5 composition
are 322 and 388 umol/g respectively. Lag sSrgsMng sAlg sO; was
also subjected to multiple cycling (Fig. S8) in the temperature
range of 1400-1100°C, and 370 umol/g of CO on average was
obtained during three successive cycles without significant
deviation in activity. The structures and compositions of the
oxides remained the same after multiple cycling (Fig. S9, Table
S3).

100.04 "7 time vs temp o (o morees Ty itee (b)
b 2 Il co produced; Toxg™ 1100°C
(a) 3 1200 g 400 | L20.5570 §Mn1.xAlO3 288
La0.5870.5Mn1RhO3/ e 243
s —025 °
el | o 7 7
s ] v
5 = 1
3 g g-zaof 7 | /};
] P
382 oo § g ’,/////% %
] . .
9.8 \ x=0.25 x=0.35

T T T T T
25 50 75 100 126 150 175

Time (min}

Fig. 1. (a) Representative TGA and (b) corresponding histogram of thermochemical CO,
splitting of LagsSrosMny,AlkOs (x= 0.25, 0.35 and 0.5). Reduction and oxidation
temperatures are 1400 °C and 1100°C respectively.

Lag.5SrpsMny,Ga,0O; behaves somewhat similar to the AP
substituted perovskites. The amount of O, evolved increases
with x (Fig. 2). For, x=0.35, O, evolved 323 umol/g (6=0.2; %
Xreq=57), higher than x=0.25 (6=0.18; % X,.q=54) (Fig. S10; Eqn.
S1-S5 in section S-B, ESI). In earlier reports, doping of Ga*'in
the B site of La-Sr-Fe perovskite has been reported to decrease
the Fe-O bond covalency and oxygen
nonstoichiometry. 3234, 38, 39 5% substitution is reported to
decrease the enthalpy and increase the entropy of oxygen

increase in

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. (a) Representative TGA and (b) corresponding histogram of thermochemical CO,
splitting of LagsSrosMn;.,GasOs3 (x= 0.25, 0.35). Reduction and oxidation temperatures
are 1400 °C and 1100°C respectively.

We have investigated the thermochemical splitting of CO, by
LagsSrpsMny,Ga,O5 (x=0.25, 0.35) by injecting CO, (Fig. 2) at
1100°C. Ga®>* substituted perovskites yield a much higher
quantity of CO (447 umol/g) even for x=0.35 as shown in Fig. 2.
The quantity of CO obtained with x=0.25 is higher (480
umol/g). The reoxidation yield (%a) of x=0.25 is 42%, higher
than x=0.35 (40%) (Fig. S10).

We could substitute Sc* in the B site of LSM only upto
x=0.1 (Fig. 52).37 However, even with x=0.05, the yield of O,
and subsequently CO are both high, the values being 417
umol/g (6=0.21; % X,.q=72) and 545 umol/g respectively (Figs.
3 and S11). Increasing the Sc® content to x=0.1 does not
improve O, production (426 umol/g, 6=0.21; % X,.q=73%) as
well as CO production (491 umol/g). The reoxidation yields are
65% and 58% respectively for x=0.05 and x=0.1 in the sc**
derivatives (Fig. S11).
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Fig. 3. (a) Representative TGA and (b) corresponding histogram of thermochemical CO,
splitting of (a) Lag.sSro.sMn1xSckOs (x= 0.05, 0.1). Reduction and oxidation temperatures
are 1400 °C and 1100°C respectively.

sc doping (5-10%) is reported to enhance the performance of
Lag gSrooMn0O; (LSM20) as a SOFC cathode and in methane
oxidation. * *” This is because of the higher oxygen vacancy
ratio and enhanced oxygen mobility related to the bigger size
of ¢, 3374041 gyer doping of Sc* (>10%) in LSM20 acts as
an anion vacancy trapping centre through the association of
sc®* with oxygen vacancy and is reported to deteriorate the
oxygen conductivity in SOFC cathodes. This may be the reason
why no further increment in O, evolution occurs beyond
x=0.05.%%%
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Fig. 4. Comparative study of (a) O, (T,eq=1400°C) and (b) CO (T,x¢=1100°C) evolution
with amount of Mn site substituent of LagsSrosMn;,AOs perovskites (A=Al, Ga, Sc;
100x= % of substituent)

In Fig. 4 we compare the relative performance of the AP,
Ga>" and Sc* substituted LSMs. All these derivatives show
better performance than the parent LSM. Clearly the effect of
the valent ions varies as Sc>Ga>Al. For the same proportions of
the trivalent ion (25%), yield of O, is 1.4 times higher in the Ga
derivative compared to the Al derivative. Increase in O, yield is
more remarkable in Sc derivative where the x=0.05
composition produces 1.9 times and 1.3 times O, compared to
the x=0.25 and x=0.5 composite with Al (Fig. 4a). CO vyield of
Ga derivative is of 1.5 times higher than Al derivative for
similar proportions of x=0.25 (Fig. 4b). The increase in CO yield
due to 5% Sc substitution is 1.7 times and 1.4 times of x=0.25
and x=0.5 composite with Al respectively (Fig. 4b). Notably, the
CO production of x=0.25 Ga substitution and x=0.05 Sc
substitution is of 1.5 times and 1.7 times of parent LSMs
respectively.

We have examined the fuel production by the Ga (25%) and Sc
(5%) substituted LSMs over three cycles in the 1400°C-1100°C
temperature range (Figs. S12 and S13). The yields of O, and CO
are affected marginally, the decrease after the third cycle less
than 15-20%. The amount of CO produced by
Lao.sSrosMno 75Gag 2505 during the 1%, 2™ and 3™ cycles are
515, 437 and 429 umol/g respectively while the CO produced
by Lag 5SresMng 05500505 during the 1%, 2" and 3™ cycles are
547, 496 and 476 umol/g respectively. Decrease in fuel yield
during multiple cycling is observed for most of the perovskites
due to the sluggish kinetics or sintering.”’ % 23 Nonetheless,
the CO produced in both Ga (25%) and Sc (5%) substituted
perovskites even after the third cycle is higher than that found
with parent LSM (316 pumol/g) or with x=0.5 substitution of Al
(366 pmol/g). The structures and compositions of perovskites
remain unaltered after TGA cycling as observed in PXRD (Fig.
S14) and EDS analysis (Figs. S15-S16, Tables S4 and S5)
although sintering of the particles is revealed by FESEM images
(Fig. S15).

The increase in the weight of the nonstoichiometric oxide on
passing CO, could partly arise from carbonate formation
instead of oxidation alone. ** Substitution of Al in LSM lattice
has shown to diminish the carbonate formation by Galvez et
al.? However, the carbonates are decomposes well below
1000°C, while the CO, decomposition temperature is 1100°C in
all our experiments. We also ensured no further gain in weight

This journal is © The Royal Society of Chemistry 20xx
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occurs at high temperature due to carbonate formatiapaswel
by performing separate TG experiméfts100R3Ga>PAAM28E
substituted perovskites (experimental details at section S-A-
3(ii), ESI).* LagsSrosMng 75Gag 503 shows no weight loss
corresponding to low temp decomposition (~940°C) of
carbonate, while expose to CO, (Fig. S17a). No extra weight
gain is obtained during the oxidation under 850°C in compare
to regular oxidation of 1100°C (Fig. S17b), further reconfirms
the weight gain is due to the CO, splitting. Similar conclusion
has been obtained with LagsSrgsMnggsScy o505 (Fig. S18). The
slow rate of oxidation can be due to kinetic barriers, as the
oxidation is performed at a significantly lower temperature
(700°C/850°C). The onset of mass loss remains the same
during reduction under Ar as shown by the vertical lines in
Figs. S17b and S18b. Interestingly, few earlier reports
suggested that sc* doping on LSMs suppress the SrO
segregation, which actually promotes carbonate formation by
CO, adsorption.35’ 3 |t further strengthens our observation and
highlighted the advantages of sc**and Ga** doping.
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Fig. 5. (a) O, and (b) H; evolution profile of LagsSrosMngesSco0s0s. Reduction and H,0
splitting temperatures are 1400 °C and 1100°C respectively.

Lag 5Srp.5Mng 955¢0. 0503 gave superior performance with high
CO productivity even during multiple cycling; we have
employed it for water splitting (see section S-A-3(iii), ESI).
Production of O, and H, was detected by gas chromatograph,
shown in Fig. 5. The O, production starts at 900°C and
completes within 40 mins after reaching 1400°C. The total
amount of O, produced is 390 umol/g, close to the yield during
TG measurements. H, is detected immediately after the
entrance of H,O in the gas stream (T,4=1100°C), and the
quantities reaches a maximum and decreases thereafter (Fig.
5b). The amount of H, produced in a span of 100 mins is
approximately 250 umol/g. H, evolution has not been
completed even after 100 mins. The kinetic behaviour of H,0
splitting of Lag 5SrgsMng g55¢o 0503 is comparable to that of CO,
splitting (Fig. S19 and Table S6). H, is produced in the initial
100mins of the reaction in the fast kinetic regime (yellow
region, step 1, Fig. S19), followed by a slower kinetic regime
(grey region, step 2, Fig. S19).

Conclusions

In conclusion, Ga and Sc substituted LSM based perovskites
have been exploited for the first time for thermochemical CO,
and H,0 splitting and these oxides show superior performance
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in comparison with Al substituted LSMs or the parent LSM. It is
noteworthy that the oxidation state of Ga and Sc remain +3
throughout and the effect of the trivalent cations varies in the
order, Sc>Ga>Al. For the same proportion of the trivalent ion
(25%), the yields of O, and CO are 1.4 and 1.5 times higher in
the Ga derivative compared to the Al derivative. The
performance obtained with substitution of 5% sc*
(LagsSro.sMng 955¢p 0503) is remarkable with O, and CO yields of
almost 2 and 1.7 times more than the parent LSM. Carbonate
formation has not observed to contribute in weight gain during
oxidation. Furthermore, 250 umol/g of H, is produced with
Lag sSro.sMng g5Scp 0503 at 1100°C. Incorporation of Ga®" and
sc®* in the LSM50 perovskite is beneficial in the two-step fuel
production process and can be employed for high temperature
syngas production and other applications.
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