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Abstract — Proton-conducting perovskite ceramic materials are highly promising for solid electrolytes as well as
catalysts at high temperatures. Therefore, they possess an outstanding potential for the membrane reactor in which both
reaction and separation occur at a same time. Especially, in the case of hydrogen production catalyst, hydrogen separation,
and the membrane reactor coupled with catalyst and separation, extensive results have been reported on the effect of the
dopant in the solid electrolytes, temperature, and composition of reactants on the performance. In this review, the recent
research trend on the application of proton-conducting ceramic materials to hydrogen production catalyst, hydrogen
separation, and membrane reactor is surveyed. Moreover, the potential application and prospect of these materials to the

next-generation hydrogen production and separation is discussed.
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Fig. 2. Block diagram of various types of hydrogen separation mem-
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Fig. 1. Trend of cited publications about hydrogen separation membrane, ceramic membrane and ceramic membrane reactors versus time.
(Scopus database: www.scopus.com).
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Table 1. Properties of various hydrogen selective membrane [23]
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Dense polymer

Porous ceramic

Dense metallic Porous carbon Dense ceramic

Operation temp. (°C) <100 200-600 300-600 500-900 500-900
H, flux (10 mol/m*s) @ 1 bar low 60-300 30-300 10-200 6-80
I s it e S S S
Cost Low Low Moderate Low Low
Development status Commercial Tubular SiO, membrane  Commercial rg:r?:g; ;;Zi?i(()iﬁi:]sl) Testing
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Fig. 3. Schematic diagram of the proton conduction mechanism [25].
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Fig. 4. Schematic diagram of the operation of hydrogen production by proton conducting membrane; (a) with DC power, (b) mixed conduct-
ing materials (proton conductor + electron conductor), and (c) the change on hydrogen permeation driving force. p; and p, represent
the chemical potential on the feed side and sweep side, respectively, Ap is the chemical potential gradient for hydrogen permeation

across the membrane [25,33].
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Table 2. Summary of recent studies using proton conducting ceramic membranes for selective hydrogen separation
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Proton conducting materials Thickness (mm) Temperature (°C)  Flux (mL/cm?-min) Ref.
Bay 95Ce g5 Tby 05210 103.5/Ni- Bag 95Ce g5 Tby o5Zt 1 O5.5 hollow fiber 0.014 900 0.410 [39]
Pt- 30% Mo and 15% Nb co-doped Las ;2WO,, | 5 1.05 1000 0.010 [40]
Pd-BaCe 45Ty (505, hollow fiber 0.3 900 0.272 [41]
StCey 757120 Tmg 15055 1.6 900 0.015 [42]
Pt60/40-Las sWO,; »5.5/Lag ¢75r 13CrO05.5 0.36 770 0.050 [43]
Pt-Las s W 4sNbg 1sM0y 4011 5.5 0.5 1000 0.355 [33]
SrCe 95Tby 05055 1.0 900 0.015 [44]
St.97Ce)9 YDy 1055:Pt 1.16 800 0.044 [45]
StCe s Tmy (50550 1.2 900 0.045 [46]
BaZry4Fe; 055 1.15 900 0.75 [47]
BaZr, ,Ce(»Y (7055 - 900 0.018 [12]
BaCe Y ,0;.5:Ni (60:40 vol.%) 0.08 900 0.245 [48]
BaCe Y 0;.5:Ni (60:40 vol.%) 0.23 800 0.76 [49]
BaZr, ,Ce( 7Y Yby0;.5:Ni (60:40 vol.%) 0.4 900 0.215 [50]
SrCe 4 Yby,0;5.5:Ni (60:40 vol.%) 0.25 900 0.105 [51]
Ni-Ba (Zr, ;Cey7Y2)O055 0.03 900 0.323 [52]
SrCeoY( 055 0.84 900 1.6 [53]
BaCe 95 Tby 450;.5:Ni (50:50 wt.%) 0.09 850 0914 [54]
BaCe g5 Tby o5Z1 105.5:Ni (50:50 wt.%) 0.5 800 0.17 [55]
BaZr, ;Pr 1Y (,0;5.5:Ni (60:40 vol.%) 0.4 950 0.016 [56]
La, sCe( 505.5:Ni (60:40 vol.%) 0.6 900 0.021 [57]
La, 4sSm,, ;sCe,07:Ni (60:40 vol.%) 0.6 900 0.039 [58]
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Table 3. Summary of recent studies using proton conducting ceramics as catalysts for dry reforming of methane

Catalysts Temperature (°C) / GHSV(h™) Conversion (%), CH,/ CO, Ref.
BaZrg gguoRhg 135,05 90/85
BaZry g10RUg 135105 800 /353,000 65/70 [62]
BaZr 9372Pto.072403 40/50
NiOx/BaZrO; 700/ 180,000 70 /80 [63]
CaZr, gNig,05 5 95/96
SrZr, §Nig 055 800 /28,800 80/85 [64]
BaZr, ¢Ni),05 5 30/35
NiO-BaZry ,Ce,Y,0; 5-La;NiO, 700/ - -/90 [65]
Cey 70Lag2oNig 1055 750 / 26,400 70/82 [66]
Ni/BaTiO, -/95
Ni/SrTiO; 850/22,700%* -/98 [67]
Ni/CaTiO, -/93
SrCey,Zry,Euy 1055 900/ - 78786 [49]
Lag Mnj ¢Nig,05 700/ 12,000 81/82 [68]
Ni-Sr doped La,04 600/ - 78 /60 [69]
LaMnO; 800 /243,000 33713 [70]
Lay g;Bag 1sMnO; 90 /82
LaO_SSrO_zNi-O_8CuO.ZO3 800/ - 75 /60 (71]
Lag ¢Sr;,Nij gFe,03 80 /81
La, ;R (Al ,Nig sO; 850/ - 89/86 [72]
La,_Sr,CoO, 800 /24,000* 86/91 [73]
LaNi Fe, O, 800 /300,000% -/95 [74]
LayoBa, NiO, 700 / 24,000* 50/55 [75]

*WHSV (mL-h!-g 1)
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Table 4. Summary of recent studies using proton conducting ceramics as catalysts
Reaction Catalysts Temperature (°C) / WHSV(mL-hT-g_T)  Conversion (%) / H, Selectivity (%) Ref.
BaZr;Rh,0; 750/ - 82.8/92.3 [81]
Sty gNiy,ZrO; 900 / 66,000 >94 / NA [82]
Partial oxidation of Lay 4gSro.9:Fe > Tig 303 900 /30,000 >50/>60 [83]
methane La,, sSr) sCo0; 850/30,000 >70/>75 [84]
La, St ;Fe, 7Cu,,Moy, ;05 900 / 848 >80 />70 [85]
La,NiO, 900 / 5,940 89/- [86]
Ni-BaZr),Ce, Y1049 550 /30 (cm®/min) 50/45 [87]
La, ¢St 4C00; 700 / 40,000 100/70 [88]
Stream reforming of La, Ca Fe;,Nij;0; 650 /400,000 100/ 65 [89]
hydrocarbon La, K, Fe;,Ni0.30; 450/ 60,000 100/70 [90]
LaCo,Ni, O 550/ 60,000 100/ 60 [91]
Ni/LaFe, ;Co( 505 550/ 80,000 100/ 67 [92]
oF 21-27% & &lklrh. 1eu 750 B 900 °Collx] SHlE = & Stk o= A AsE-S HolAl= WheA I ot
o] -9 g A glo] MY ARI Fulf s UEhdl= Ao® WS- FAlofl )7t dofuhs 7 B5k A oz -9l 3
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@ AAbolTh 4 457 A A meE Ay Bde Aest
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NAE] 5 ol A87Fs3E Brtstr] flal vhekdt 2
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