Molybdenum Carbide and Oxycarbide Hydrogen Production Catalysts

Preparation, Characterization, and Evaluation

Introduction

Molybdenum carbide is polycrystalline powder with BET
surface areas from 1 to 200 m2/g. Mo,C may substitute for
precious metal catalysts in the hydrodenitrogenation,
hydrogenation, water-gas shift, Fischer-Tropsch, hydro-
isomerization, and methane reforming reactions, as well as
use as fuel cells electrodes. The H, producing water-gas — (Above) Cartoon of phases that may be

. N . . it the Mo,C surface. Th
shift (WGS) reaction is useful for fuel cells, ammonia §o (s s 6 cat
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- oxidation state i the commercial Mo,C.
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have not been widely accepted in industry due to SR AT S Gl Y . N (Above) Representative high-resolution C 15 spectra of
d t t s Th t d ; th : dt inside the XPS transfer = - o castalysts as prepared. Feature A is a combination of
eactivation issues. This study varies synthesis conditions, Temperature e A e ton RemRln T mENa G CoeiEie G G, WED T Semen amorphous and graphilic carbon. _Feature B is carbidic
air exposure, and H,-TPR activation temperatures to TEME @ & i iy Gy i e eiacd G o b T e P AT ST
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characterized using XPS prior to testing as WGS catalysts. referenced to the Fermi level. fioifaEeEn
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mixture of hydrogen and methane. prepared). C=0, and C-O are carbonate and carbonyl components, a-C-C is sp:
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This carbon-rich  mixture  was o g (Below) Electron micrographs of Mo,C prepared under different conditions. (a) (RSN AOUI e A o e ”;}f/a)'b‘d'c
selected to increase surface . APM precursor heated at 2'C/min. (b) APM precursor heated at 0.2'C/min. (c) ' 8 ¥ RS
carbon  deposition.  The  carb- | = i - MoO, precursor heated at 0.2'C/min. In A, B, and C the scale bar represents 200 ; - w -
urization  process was monitored o ) 4 o nm. d) TEM lattice image of Mo,C illustrating lattice fringes from (321) planes. e) Mo 3d Ots °1s_

by thermogravimetric ~analysis . * TEM image reveals nanopores in Mo,C.
(TGA) and by mass spectrometry .

(MS) of the gas phase products. g N NEEEEEREERLE | P e Catalysts prepared under slow ramp conditions (0.2 °C/min) appear to have
Typical TPC-MS and TGA results (IS E ez rougher surfaces (b) in SEM micrographs than samples brought to the final —
are shown to the right. TGA weight IS o il - wrees o temperature rapidly ()

loss is shown as a red line with : B E o = g T s
brown arrows. Intermediate phases . o o Catalysts 1 and 2 were prepared using the same TPC recipe. g ) 15 :

are to the right of the TPC-MS plot, - Catalyst 1 was passivated in 1% O,N, prior to air exposure, : (Above) Survey XPS trends. Changes  (Right) C s XPS.

Catalyst 2 was not. As evidenced by the XRD patterns, catalysts 1- P = 2 in near surface atomic composition due  The  amorphous «{ 2-C-C

4 have similar bulk. Catalyst 5 contains bulk phases of both Mo,C 10 H,-TPR at 600 °C and 825 °C. Mo carbon (a-C-C) de- .3,
Temperatu re Programmed Reduchon and MoO,. Catalyst 6 was treated with H, at 675 °C for 2 h and i £ Gl [ Wi BEATRRL @) 10 e Gl Le -

was passivated in 1% O,/N, for 4 h. Catalyst 6 is more crystalline 2 3 3 alt% increases when the graphiic  TPRat600 °C. The {1, .

. b [ d at  change in a-CC is
than the other catalysts though its domains are smaller than the ‘c:r;;;aure:y:;weisn CCTsat  mixed afer H,,TP‘R

Mo,C standard obtained from Aldrich. S P ) decreases slightly after 600 °C and  at825°C raa
significantly at 825 °C. . :

(Above) C 15 XPS

spectra of graphite,
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activated carbon. The
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AR s g 35,050 10 Cimin ! s N i HyTPRat 825 °C.
Mo,C surfaces are covered with carbon and oxygen atoms that were present during carburization.
These contaminates inhibit catalytic performance. The procedure for removing surface C-Mo s
contaminates, prior to catalysis, is temperature programmed reduction in flowing H, (H,-TPR) at = B (Right) C 15 XPS. .
temperatures 2600°C. H,-TPR results depend on the composition of surface contaminates. MoO, . . - & An increase in ca- - ~ .
and amorphous carbon contamination are reduced to CH, and H,O between 500 °C and 700 °C. # rbidic carbon (C-Mo) ©
The Mo,C catalyzed reduction of graphitic carbon is observed between 750 °C and 825 °C. Broad 00 oo ot is observed after PR
methane desorption peaks in catalysts 1 and 2 (above) are attributed to the presence of amorphous 2 s ; ° i HoTPR at 600 °C
and graphitic carbon phases. The surface carbon on catalyst 3 is almost entirely graphitic carbon. s ) enperatus BTE W W o and 825 °C.
H,-TPR at 600 °C has little effect on graphitic carbon. Water-gas shift reaction monitored by MS using (catalyst 1, 98 mg, left) Mo,C and (catalyst 2, e
107 mg, right) in flowing 3% COJAr 3-4% H,0 (20, 40, 60 mL/min) ramped to 450 ‘C at 5 (Above) Typical water—gas shift reactant -
H “Cimin. Catalyst was treated for one hour at 600 ‘C or 825 “C under flowing H, 20mL/min.
Water-gas shift Catalysis Upward tanles (3 ndate an nceasing emperature e e e
Water-gas shift (WGS) performance varies with surface S S 30 and 80%. MS plots are corrected for
area, crystallite size, and surface contamination (carbon 5 fluct-uations in total pressure and m/e 28 :
and oxide deposits). Low activity Mo,C catalysts can form signal mqtrlbutlons from CO, fragments.
during temperature programmed carburization (TPC) if the ‘ The CO signals are reduced by 11% of
maximum temperature is above 700°C and the " m/e 44 signal.
temperature ramp is slow, (20.5°C/min). These conditions.
are conducive to the formation of larger Mo,C crystallites
and thick graphitic carbon layers.
Understanding the role of carbon deposition on the
deactivation of Mo,C catalysts is critical for improving the 3 BT 3 LR w o r
(Above) Quartz microreactor  overall viability of transition metal carbide catalysts. Many ) Terpeciu
(Hiden) inside a N, glovebox. It is industrial catalysts are also deactivated by carbon Water-gas shift reaction monitored by MS using (catalyst 3, 92 mg, left) Mo,C and (catalyst 4,
connected to online mass deposition. Advances in surface carbon analysis will 106 mg, right) in flowing 3% CO/Ar 3-4% H,0 (20 or 40 mL/min) ramped to 450 ‘C at 5 “C/min.
spectrometer and was used benefit these heterogeneous systems as well. Catalyst was treated for one hour at 600 "C or 825 C under flowing H 20mLimin. Upward -
during TPC, H,-TPR, and WGS. triangles (4) indicate an increasing temperature. Carbon deposition is the major cause of Mo,C catalyst deactivation. The type and
In the water-gas shift reaction, oxygen atoms “shift’ from o a £ b blocki h " Mo,C o d d e R
T ___ water to carbon monoxide. The energy barrier for this . quantity of carbon, blocking the active Mo,C surfaces, depend on synthesis -
H,0 + CO.— H, + CO, reacton is decreased in the presence of Mo,C. Catalysts temperature, ramp rate, soak time, and air exposure. Catalysts prepared at higher -
s % % 16 were evaluated for catalytic activity before and after . S , =
[T ——— activation with H, at 600 °C for 1 h and 825 'C for 0.5 h temperature have higher levels of carbon contamination. Slow heating rates result in |le
The reactants are a flowing rough surfaces with higher levels of graphite at the surface. Exposure to air increased .
'gig‘"ebﬁ' 3-3;’" ‘;0 a:" “-Tsr:”" , the amount of graphitic and oxycarbidic carbon. H,-TPR  (aove) Greater concentatons of
alanced by Ar. The 7N . .
reaction occurs at apacked o . . HTPR / o temperatures above 750 °C were required to remove graphite B o 2 i 5 e
S ¢ woc ; p p epth profiing based on Mo 3s
Mo,C catalyst bed (ca. 0.08 o) % % 5 St g < ~ deposits. BET surface areas were higher for catalysts With (5655 v, Mo 34 (2282 ev), and
supported between two quartz - o o bidi b t th f: WGS tivit E; 1s (zx)a'As ev)' pnowele'iwon
A 2"3"' p"égs GL/ES."OW rates c'dz:]' Water-gas shift reaction monitored by MS using (catalyst 5, 75 mg, left) Mo,C and (catalyst 6, Inactive active more _car I I? cgr on atoms near . € surtace. activity intensities. The average C : Mo
€O, and CO levels were -  or 60 mL/min correspond to 99 m, right) in flowing 3% COJAr 3-4% H,0 (20 or 40 mL/min) ramped to 450 °C at 5 “C/min. (Above) cartoon of catalyst acivation oy Was higheest in aiir free catalysts which were slowly heated to ratio s 246 + 0.18 tmes larger at
s analysis depths.

also measured in an FTIR = = space velocities between 15,000 Catalyst was treated for one hour at 600 °C under flowing H, 20mLimin. Upward triangles (A) temperature programmed reduction in H;
gas flow cell (above). . and 45,000 hr. e an increasing temperature. * 650 °C followed by H,-TPR at 600 °C.
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