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Chemical poisoning of Ni/MgO catalyst was induced by hot alkali carbonate vapor in molten carbonate fuel
cell (MCFC), and the poisoned (or contaminated) catalyst was characterized by TPR/TPO, FTIR, and XRD
analysis. Carbonate electrolytes such as K and Li were transferred to the catalyst during DIR-MCFC operation
at 650°C. The deposition of alkali species on the catalyst consequently led to physical blocking on catalytic
active sites and structural deformation by chemical poisoning. TPR/TPO analysis indicated that K species en-
hanced the reducibility of NiO thin film over Ni as co-catalyst, and Li species lessened the reducibility of me-
tallic Ni by chemical reaction with MgO. FTIR analysis of the poisoned catalyst did not exhibit the
characteristiwn(Dan) peaks (1055 ciy, 1085 cni) for pure crystalline carbonates, instead a new peak (1120
cm ) was observed proportionally with deformed alkali carbonates. From XRD analysis, the oxidation of me-
tallic Ni into NixMg1«O was confirmed by the peak shift of MgO with shrinking of Ni particles. Conclusively,

hot alkali species induced both chemical poisoning and physical deposition on Ni/MgO catalyst in DIR-MCFC
at 650°C.

Introduction is still controversy on the mechanism of alkali poisoning on
reforming catalyst in DIR-MCFC operation. In this research,
Methane is a common fuel utilized in a molten carbonatechemical poisoning by hot alkali species was investigated by
fuel cell of direct internal reforming type, in which steam the microscopic analysis of Ni/MgO catalyst in unit cell after
reforming reaction of methane (GHHO - CO +3H) MCFC operation for 72 hrs.
occurs simultaneously with the electrochemical oxidation of
hydrogen (H+ CO* - H,O+ CQ+2¢€) in the anode Experimental Section
component:? The catalyst inside the molten carbonate fuel
cell should be active for the steam reforming of hydrocar- Single cell of DIR-MCFC was composed of cell body
bons, especially methane abundant in natural gas, at ti{gnade of stainless steel), anode, cathode, alkali carbonate
operating temperature of MCFGHowever, such reforming electrolytes (KCQOs; 38 mol%t+ Li,COs; 62 mol%), electro-
catalysts gradually lose their activity due to chemical poi-lyte matrix, current collector, and reforming catalyst. The
soning by alkali metal carbonates (or alkali metal hydrox-dimension of each electrode was 5xBcm. The operating
ides) generated from electrolyte components such@®K temperature and atmosphere were adjusted gradually up to
and LbCOs.*®° Despite that basic oxides generally have poor650 °C for the crack-protection and activation of each cell
reactivity toward alkali speciédithium exhibits some affin- component. The reforming catalyst was prepared as com-
ity for MgO’ and NiC¥° lattices, probably due to its similar mercial cylindrical pellet and located inside the gas channel
ionic radius with M@" and Nf*. Small amounts of Lican  where hydrocarbons were converted inidold steam reform-
be incorporated into MgO lattice by creating electron holes,ing reaction.
whereas Li and NiO form LiNi;.xO solid solution in a wide After 72 hrs' operation, DIR-MCFC single cell was
composition range, 0 x< 0.6. quenched under hydrogen-rich flow condition in order to
In recent days, Ni/MgO catalyst has been investigated iprevent alkali contamination, and the catalysts were sampled
some details by many researchers. In DIR-MCFC operatiomt different position of the cell. Fresh catalyst was designated
for 860 hrs, Cavallaret al'® observed that alkali species by FC, and deactivated catalysts sampled at different posi-
deactivated the catalyst by pore blocking mechanism, tions (inlet, middle, outlet) of the gas channel were desig-
KOH glassy layer blocked the active sites by covering thenated as UC(1/3), UC(2/3), and UC(3/3), respectively.
whole external surface of the catalyst. Kitabayashi has The characteristics of the catalyst were analyzed by vari-
shown that Ni amounts was increased in Ni/MgO catalyst byus microscopic instruments such as SEM, TPR/TPO, FTIR,
the contamination of ¥CGO;s in spite of the diminishment of and XRD. Elemental analysis of alkali species was per-
steam reforming activity. Rostrup-Nielsomas shown that formed by ICP device. The dispersion of Ni element over
alkali metals did not affect the sintering of Ni crystallites MgO support was measured by-€hemisorption. Reduc-
under steam reforming conditions, but rather induced reconbility of Ni on the catalyst was examined by TPR/TPO
struction (faceting) of less active nickel [111] surface. Therg Temperature Programmed Reduction/Oxidation) method.
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FTIR and XRD analysis were performed to detect the physMCFC.
ico-chemical changes of the catalyst before and after experi- Temperature Programmed Reduction and Oxidation
ment. (TPR/TPO). Reducibility of Ni elements on the catalyst
was examined by temperature programmed reduction/oxida-
Results and Discussion tion (TPR/TPO) method. TPR/TPO analysis was carried out
in a differential micro reactor at following conditions: heat-
Elemental Analysis In our previous study for the phys- ing rate; 10 K/min, catalyst weight; 20 mg Ni, flow rate; 20
ical poisoning by hot alkali carbonate vaporit was  mL/min, flow gas composition; 7.5%Hliluted by N (in
revealed that potassium (K) and lithium (Li), the compo-TPR experiment) and 5.0% @iluted by He (in TPO exper-
nents of carbonate electrolytes, were transferred to the catament). H and Q concentration were measured by a gas
lyst during DIR-MCFC operation at 68C. From elemental chromatography equipped with TCD (thermal conductivity
analysis by ICP, the amount of K species was increased idetector). Before conducting TPO experiment, all the cata-
the order of UC(2/3); 1.53 wt%, UC(3/3); 4.97 wt%, UC(1/ lysts were sufficiently reduced at 80C and quenched
3); 8.67 wt%, while Li species were increased in the order ofinder hydrogen-rich flow.
UC(2/3); 0.85 wt%, UC(1/3); 1.72 wt%, UC(3/3); 2.45wt%. TPR: Figure 2 exhibited the reduction peak for NiO
SEM Image Analysis The surface images of the cata- passivation layer over metallic Ni surface. For the catalysts
lysts FC, UC(2/3), and FC-A were shown in Figure 1. FC-AFC, UC(1/3), UC(2/3), and UC(3/3), maximum peaks were
was the catalyst contaminated by carbonate vapor in thebserved at 292C, 236°C, 265°C, and 26(°C, respec-
anode chamber during non-flow quenching operation otively. As more alkali metals were incorporated into the cata-
DIR-MCFC. Alkali species transferred to FC-A had not suf-lyst, NiO reduction peak was shifted to lower temperature in
ficient time and enough energy to react with Ni/MgO. Thethe order of UC(1/3), UC(2/3), and UC(3/3). This indicated
fresh catalyst FC had rougher and cleaner surface than thieat alkali species induced not only physical blocking of the
contaminated catalysts UC(2/3) and FC2AL The differ-  catalytic sites but also the modification of chemical proper-
ence between UC(2/3) and FC-A catalysts was the crystallties of the catalyst. In many industrial processes (such as
zation degree of contaminants. Alkali species in the catalydtydrogenation, steam reforming, and methanation), small
UC(2/3) was non-crystalline glassy material, while the con-amounts (0.5-1.0 wt%) of alkali ions impregnated on metal-
taminants on the catalyst FC-A were crystalline alkali spesupported catalysts made a substantial influence on the cata-
cies. This suggested that alkali carbonates deposited on Nytic activities and lifetimes® Especially, K has been well
MgO catalyst could be transformed from crystalline alkaliknown as a catalyst promoter in eliminating carbon depos-
carbonates (or alkali hydroxides) to glassy material at higlits* Quantum mechanical calculations for the Nickel[111]
temperature, and the reduction of catalytic sites by alkalsurfaceé® elucidated that adsorbed potassium atoms had a
contamination was a main factor in the deactivation of DIR-significant impact on the electronic properties of metallic Ni.
In general, alkali metals increase the electron density of
nearby metallic element and enhance the reducibility of the
element. Hence, electron donating effect was considered as
the main cause for the shift of NiO peak to lower tempera-
ture. For the catalyst FC, the peak ranged fronfGa0 400
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Figure 1. SEM photographs of catalysts (a) FC, (b) UC(2/3), andFigure 2. TPR profiles of various catalysts (a) UC(1/3), (b) U
(c) FC-A. 3), (c) UC(3/3), and (d) FC.
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Figure 3. TPO profiles of various catalysts (a) UC(1/3), (b) .
UC(2/3), (c) UC(3/3), and (d) FC.
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TPO:  Figure 3 showed the oxidation peak of metallic Figure 4. FTIR spectra of various catalysts (950-1200canc
Ni. The fresh catalyst FC exhibited an asymmetric peal s y
ranged from 330C to 390°C, and the contaminated cata- ;ﬁg%ﬁfgg_g@ (&) UC(1/3), (b) UC(213), (c), UC(373), (d) F
lysts UC(1/3), UC(2/3), and UC(3/3) exhibited symmetric
peaks of lower temperature. This indicated that oxidizabilitystructural characteristics of the species, Wavenumbers
of metallic Ni in the contaminated catalyst was increased byf 100, 300 and 400 crrepresented for monodentate,
the poisoning effect of hot alkali vapor. In the considerationbidentate, and bridged species, respectiféfin addition,
of co-catalytic function of K, the decrease of reducibility of the loss of B,symmetry due to Cfadsorption slightly acti-
Ni was not caused by K species but by Li spei&sFor  vatedu; band (close to 1063 chto infrared®
instance, Li ion could affect the physico-chemical proper- Figure 4 exhibited FTIR spectra in the range of 950-1800
ties (such as basic strength and electronic conductivity) ofm™ for the catalysts FC, UC(1/3), UC(2/3), UC(3/3) and
MgO even with very small amouris!’ Cosimoet al'®  FC-A. For the fresh catalyst FC, there was no trace of alkali
studied catalytic promotion effect on vapor phase aldol conearbonates. For the catalyst FC#(A:") peaks for pure
densation over MgO catalyst with 0.7-1.0 wt% alkali (Li, carbonate ioffand bicarbonate idfwere observed at 1055
Na, K, Cs) and alkali earth (Ca, Sr and Ba) metal ions. Higlem™ and 1085 cii, respectively. At low temperature
strength of basic property in Li/MgO was induced by replac{< 650°C), alkali carbonates maintained its characteristics as
ing Mg?* with Li* in the MgO lattice. They also claimed that pure alkali carbonates. For the catalysts UC(1/3), UC(2/3),
the replacement of metallic ions resulted in strained MgQand UC(3/3) at 650C, however, the characteristic peak of
bond and LiO™ formation, consequently leading to genera- pure alkali carbonate or bicarbonate was not detected, but a
tion of strong basic sites. Conclusively, the modification ofpeak near 1120 cihwas observed proportionally with alkali
MgO lattice by Li iot®!" influenced the oxidization prop- contents. The new peak was assigned to deformed alkali car-
erty of metallic Ni. K species made an effect on the oxidiz-bonates. Most of alkali species in the catalyst at®65l@st
ability of NiO thin film as co-catalyst, and Li species their characteristic properties by interaction with Ni/MgO
changed the properties of bulk Ni by chemical reaction withelements. The catalyst UC(2/3) with lowest alkali carbonates
MgO. exhibited highest residual pure carbonates among the con-
FTIR Analysis. IR spectra were registered on FTIR taminated catalysts. In summary, the catalysts UC(1/3) and
spectrometer with a spectral resolution of 4'cifihe funda-  UC(3/3) were deactivated more severely than the catalyst
mental vibration spectra of carbonate ion was summarized ibC(2/3), and the catalytic activity for steam reforming reac-
Table 1'® The free carbonate ion gDsymmetry) repre- tion was increased in the order of UC(3/3), UC(1/3), and
sented three IR active bands(E) of asymmetricu(CO) UC(2/3)*?
vibration; 1415 crit, vx(A2) out of planerr (COs) deforma- For the catalyst FC-A, the peak observed near 1415 cm
tion; 879 cmt, w(E) in planed (CQs) deformation; 680 was confirmed as pure alkali carbondte&symmetric (CO)
cmt. In the adsorbed state, the symmetry was lowered bgtretching peakps(E), was observed at 1415 ¢mThis
forming two us (CO) bands around 1415 &ifDue to the  peak must be induced by g@dsorption because FC con-
loss of @ symmetry, degenerafius vibration was splitted  tained no trace of alkali carbonates. On the contrary, the
into two bandsAus splitting was supposed to represent the us(E) peak was hardly detected in the catalysts UC(1/3),
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Figure 5. XRD patterns of various catalystsf(2 42.0-44.6) (a)
UC(1/3), (b) UC(2/3), (c) UC(3/3), and (d) FC. addition, the peak shift to higher degree implied the shrink-
age or buckling of MgO lattice by chemical reaction between
UC(2/3), and UC(3/3), indicating that the alkali species didMgO and alkali carbonates, especially Li {6f°
not exist as pure carbonates in the contaminated catalysts.Another possibility for the peak shift could be suggested
CO, seemed to adsorb as the state of CO and O splitted tas the formation of NMg:.«O solid solution by the reaction
strong basic site, [O™.1® Except for LiO™ formation, the  of MgO with Ni as shown in Figure 6. Yamazaki al**
contaminated catalysts might have many strong basic sitegudied XRD peak shift induced by the formation of
responsible for CO adsorption. For example, the structuraNixMg:xO solid solution, and ascertained that MgO peak
defect£’ like edges (or steps) with low coordination numberwas shifted to higher degree with rising Ni contents of
could be generated during DIR-MCFC operation under highNixMg:xO. From XRD analysis by Scherrer equation, aver-
temperature and reduction atmosphere, and these defeetge particle size of Ni was calculated as 1.83 nm, 1.72 nm,
could act as another strong basic 4ifé.The peak near 0.79 nm, and 0.73 nm, respectively, for the catalysts FC,
1630 cm? for the contaminated catalysts was closely relatedJC(1/3), UC(2/3), and UC(3/3). It was concluded that hot
to deformed carbonates because the peak intensity wasdkali species deformed the properties of Ni/MgO catalyst
increased in the order of UC(2/3), UC(3/3), and UC(1/3)and induced partial oxidation of metallic Ni intoxMig;-xO
with rising alkali amounts. From FTIR analysis, alkali car- with shrinking of Ni particles.
bonates transferred to Ni/MgO catalyst did not sustain its

own pure carbonate structures at 860and CQ adsorption Conclusions
on MgO support was significantly influenced by deformed
alkali species. Chemical poisoning of Ni/MgO catalyst by hot alkali spe-

XRD Analysis. The crystalline phases of the catalyst wascies was distinctly observed in DIR-MCFC at 6%&) and
analysed by X-ray powder diffractometry (18 kW) using the poisoned catalyst was characterized by ICP, TPR/TPO,
CuKa; radiation. Measurements were performed inBa 2 FTIR and XRD analysis, in terms of property changes of Ni
interval from 20 to 70 with a step of 0.02 deg. The mean parand MgO. The deactivation of the reforming catalyst in DIR-
ticle size of Ni was calculated from the line broadening ofMCFC was mainly attributed by physical deposition and
Ni[200] peak (B=51.7) by Scherrer equation. Instrumen- chemical poisoning of alkali carbonates. Alkali species depos-
tal line width was compensated by Ni[200] line broadeningited on Ni/MgO catalyst activated the oxidation of metallic
measurement of Ni foil. Ni into NixMg1.xO and deformed the properties of alkali car-

XRD analysis was performed to elucidate the effect of hobonates, MgO, NiO film over Ni, and metallic Ni. The oxi-
alkali species on MgO support. Figure 5 presented XRD patdation resistance of metallic Ni was diminished by alkali
terns for the catalysts FC, UC(1/3), UC(2/3), and UC(3/3).contents, but the reducibility of NiO thin film was enhanced.
The peak at 42%was assigned to Mg®or NiO? The  In summary, hot alkali carbonates transferred to Ni/MgO
characteristic peak for NiO and MgO had nearby positiorcatalyst reacted with MgO, and then metallic Ni was oxi-
with each other because the two materials had the same rodized into NiMg:xO. The reducibility of NiO was increased
salt structure and similar ionic radius (e.g.,Mg2 pm, by K species, whereas the reducibility of Ni was decreased
Ni%*; 69 pm). There was no abrupt structural changes in thby Li species.
catalysts FC, UC(1/3), UC(2/3) and UC(3/3). However, all Acknowledgments This work was financially supported
MgO peaks for the contaminated catalysts were shifted tby R&D Management Center for Energy and Resources
higher degree than that of the fresh catalyst. The shift ofRaCER), The Korea Energy Management Corporation. The
MgO peak also indicated the deformation of MgO supportauthors are grateful to professor Sangwha Lee in Kyungwon
by hot alkali species during fuel cell operation at 850In University for his help in the preparation of the manuscript.
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