
1460 

Acta Cryst. (1964). 17, 1460 
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This  p a p e r  descr ibes  an  X - r a y  d i f f rac t ion  appra i sa l  of an  i ron ca t a lys t  e x t r a c t e d  a f t e r  use  in t h e  
F i s c h e r - T r o p s c h  process  for  t he  syn thes i s  of h y d r o c a r b o n s  f rom ca rbon  m o n o x i d e  a n d  h y d r o g e n .  
T h e  subs tance ,  in w h i c h  t h e  i ron a t o m s  fo rm an  a p p r o x i m a t e l y  hexagona l  d o s e - p a c k e d  a r r ay ,  is 
monoc l in ic  w i t h  cell d imens ions  a = b = 2 . 7 9 4  /~, c = 4 . 3 6 0  A a n d  y = 1 2 0 . 9 2  °. I t  is a smuned  to be  
a carbide, with small amounts of associated oxygen. It  is not possible, with X-ray powder diffrac- 
tion, to identify the structure completely, but on the basis of the formula Fe~C the possibilities are 
discussed. 

Introduction 

As part of a programme of research on the structure 
of Fischer-Tropsch synthesis catalysts, X-ray dif- 
fraction studies were made on a catalyst originally 
charged to the process as a precipitated iron oxide 
incorporating small amounts of potassium and copper 
oxides as promoters. After activation and synthesis 
for 20 hours at 265 °C (Farley & Ray, 1963), the 
catalyst was withdrawn and exhaustively extracted 
with benzene and dried in vacuo. X-ray diffraction 
powder photographs of this material showed a marked 
similarity to the hexagonal iron carbides reported 
by  llofer, Colin & Peebles (1949) and by Jack (1050), 
but  the differences, chiefly the doubling of most of 
the diffraction lines, suggested that  some form of 
distortion was present. 

The intensity ratios of the diffraction doublets 
suggested tha t  the iron atoms had undergone small 
displacements. These phenomena were investigated. 

Exper imenta l  

X-ray powder-diffraction photographs were taken in 
an 11-4 cm diameter Straumanis camera, with Cr Ka 
and Co Kc¢ radiations, and several corresponding dif- 
fractograms were recorded by means of a Philips PW 
1050 X-ray diffrac~ometer. 

The broadening of the diffraction lines indicated 
tha t  the crystallite size was of the order of 300-400 A. 

Values of the lattice spacings and of the line- 
intensities were derived from the photographs and 
diffractograms, and the averages of the data for each 
diffractogram line are given in Table 1. 

The total  integrated intensities of the doublets and 
singlets were measured from the diffractograms, and 
the results, which are given in Table 1, were expressed 
as a fraction of the intensity of the strongest line 
({101} doublet). Intensi ty  measurements on the (112} 

Indices 

Table 1. Values of the lattice spacings and line 
intensities averaged for each diffraction line 

Lattice spacing (A) Relative intensity 

This Hofer's Jack 's  Cal- 
hkl study values values Measured culated 

100 2.431 } 
170 2.402 2.38 2.36 13 17.6 

002 2.184 2.16 2.16 21 20.7 

111 2.125 ~ 2.08 2-07 
101 2.103 J 
1T2 1.622 } 
102 1.614 1.60 1-60 

130 1.397 ~ 1.37 1.86 
110 1.378 / 
113 1.247 } 
103 1.243 1.24 1.23 

* 122 1.176 
* 112 1.165 ~ 1.16 1-16 
* 231 1.171 ! * 20I 1"156 

004 1.088 

100 100 

16 17 

13 17-4 

13 15.9 

20 31-5 

2.6 3-3 

232 1.061 ~ 4.4 5.8 
202 1.049 J 

114 0.9946 ~ 2.3 3.5 
104 0"9922 J 
* The large overlapping of these lines did not  allow their 

separate intensities to be measured. 

and {201) doublets were not reliable because of their 
close proximity. The relative intensities were also 
obtained by calculation with the use of the s tandard 
relationship for a diffractometer, 

I ~ ]Ftl2qG(O) 

where q=mult ip l ic i ty  factor, 

G(O) = cosec 2 0 sec 0(1 + cos 2 20) -1 
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Table 2. Degree of shear and comparison of calculated intensity ratios for suggested structure 
with observed intensity ratios 

A0 cot 0 Degree of shear (~) 
A 

6o _¢~, Cr Xg Co _¢~ Cr K~ 

0.908 ° 0.900 ° 

0.885 ° 0.937 ° 

0.894 ° 0.899 ° 

1.027 ° 0.998 ° 

0.844 ° 0.887 ° 

Indices hkl A 

110100 ~ ----21 0.782 0.778 

111 ]. -- 1 0.585 0-619 
101 ] 2 

1i2 "~ -- 1 0.346 0.348 
102 J 2 

120 "~ 0 1-754 1.705 
110 ] 9 

1]3 "1 -- 1 0.339 0.407 
103 J 2 

]-22 ~ 0 0.528 
112 J 9 

221 } - 4  
201 8 0.748 

Calculated 
intensity ratio 

Measured 
mtensityratio ez=0 ez=0"01 

1.3±0.2 2 1.5 
1 1 1 

1 1 1 
2.1±0.2 2 2.2 

1 1 1 
1.5±0.2 2 1.5 

1.8±0.2 2 2 
1 1 1 

1 1 1 
1.9±0.2 2 2.2 

0.868 ° 

0.934 ° 

(Lorentz-polar izat ion factor),  and  F t  = t e m p e r a t u r e -  
dependent  s t ruc ture  factor.  2'~ was calculated assuming 
t h a t  the root  mean  square ampli tudes  of vibrat ion 
of both iron a toms and  carbon a toms are approx- 
imate ly  0.12 A. 

The in tensi ty  rat ios of all bu t  the  last  two doublet  
components  were measured,  and  the  results are given 
in Table 2. I t  was not  possible to obtain  reliable 
values in the  case of the  last  two doublets  because 
of their  large overlap. 

F o r m  of di s tor t ion  

A general  dis tort ion of a uni t  hexagonal  cell would 
result  f rom a change in the values of the  four lat t ice 
parameters .  If ,  in this event,  the  new cell dimensions 
are a, a ( l +  e) and c, and  the new cell angles are 
z~/2 + c¢, ~/2 + fl and  2z~/3 + ~, where a ,  fl, y and  e are 
small,  the volume of the  resulting triclinic cell is 
given by :  

v = - ~ c  1 + ~ - ~ ,  

and  the  spacing, d, of the  la t t ice  planes with  indices 
(hi:l) is given by :  

1/d2=l/d~+,4Q, 
where " 

(1/d0~/= (4/3a~/(h~+ hi: + 1:~/+ (Z~/c~/ 
and  

AQ = (4/3/3a~) (2h~ + 5h1: + 21:~)),- (4/3a~/1:(h + 21:/e 
+ (Sl/3a~/[(o, + ½¢~/1: + (~o~ + ¢~)h]. 

In  powder diffraction, the reflexions having the  same 
values of AQ are superimposed,  the  m a x i m u m  mul- 
t ipl ici ty occurring when h # t: # 0, and  14= 0, and  under  
these conditions, twelve lines are each formed by  the  
superposit ion of two reflexions. The mult ipl ic i ty  is 
reduced in special eases. For  example,  if h=1:,  1#0, 

or h#1: ,  l = 0  or h # 0 ,  1:=0 and  l = 0 ,  there will be 
six components  each formed by  two reflexions, while 
if h # 0 ,  k = l = 0  or h = k ,  l = 0 ,  there will be three 
components  each formed by  two reflexions. For  
h=k=O, l#O there is only one component  from two 
reflexions. These multiplicities will be fur ther  reduced 
as the  number  of distort ion paramete rs  decrease. 

The only distort ion consistent with the  observed 
pa t t e rn  is the one for which c~ = fl = e = 0, and  for this 
condition, the  angle of shear,  y, can be shown to 
sat isfy the  equat ion 

3 ~/3aeA 0o cot 00 
Y =  2d~(A2-A1) 

where A =2h 2 + 5 h k + 2 k  e, 00 is the  mean  Bragg angle 
of the components  of a doublet ,  and A00 is the  dif- 
ference between the  Bragg angles of the  components  
of a doublet.  The values of A00 were measured  f rom 
the several diffraction photographs  and  di f f rac tograms 
of the material .  Values of A 00 cot 00 obta ined for each 
line were then  calculated, the results  being given in 
Table 2. The values of do were calculated f rom the  
sufficiently approx imate  formula  

A ld2- A2dl 
do = 

A 1 - A 2  

and  these, using the  method  of least  squares,  gave 
the  cell dimensions as a = 2 . 7 9 4 ,  c=4 .360  J~. Using 
this value of a in the  above formula  for ~, the  degree 
of shear  was obta ined f rom each diffract ion line, 
and  the  results,  which are given in Table 2, are 
essentially constant ,  having  an  average value of 0"92 ° 
with a probable  error of + 0.05 °. 

D i s c u s s i o n  of p o s s i b l e  s t r u c t u r e s  

There are several  possible s t ructures  in which the  iron 
a toms form an  approx imate ly  hexagonal  close-packed 
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array with the carbon atoms distributed in various 
ways on the two octahedral sites of each cell. Assuming 
the composition to be Fe2C, there are three main 
possibilities. The structure may be of the C6 type, 
space group P-3ml (D~d), in which the carbon atoms 
occupy only one of the octahedral sites. I t  may be 
the L~ type, space group P6a/mmc (D~h), in which 
the carbon atoms are statistically distributed among 
the octahedral sites, or the structure may be iso- 
morphous with orthorhombie Mo2C, space group 
Pbcn 14 (D2h), in which the iron atoms are hexagonally 
close packed and the carbon atoms form a regular 
array on the two octahedral sites (Parthd & Sadagopan, 
1963). These structures can only be completely 
distinguished by measuring those reflexions for which 
the structure factor is proportional to the scattering 
factor for carbon. Such reflexions were too weak to 
be recorded in this work because the X-ray scattering 
factor for carbon is very small and also because the 
diffraction lines were diffuse. Allowing for the dif- 
ference in cell volume, the strong reflexions have the 
same structure factor in all three structures except 
for lines with indices {hO1}, h=3n  + 1, l=dn  + 1 and 
{hkl}, / = 4 n + 1 ,  in which case the modulus of the 
structure factor is given by IFI =4V3f~ for the ortho- 
rhombic structure and IFI =[1/3f1+ (2p-1)f2] for the 
hexagonal structures, where fl  is the scattering factor 
for iron, f~ is the scattering factor for carbon, and 
p is the probabili ty of finding a carbon atom on a 
particular octahedral site. In a powder diffraction 
pattern,  the terms + (2p-1)f2 cancel out when the 
reflexions are superimposed, and if the slow angular 
dependence of the scatter, Lorentz and polarization 
factors are neglected, the intensity ratio of the Debye 
ring doublets would be 2" 1, independent of the carbon 
atom arrangement. 

The agreement between the calculated and the 
observed relative intensities of the doublets and 
singlets (Table 1) was reasonably good and supports 
an approximate hexagonal close-packing array of 
iron atoms. However, the observed intensity ratios 
of the doublet components (Table 2) were not in the 
ratio of 2" 1, and this is considered to be a consequence 
of small displacements of iron atoms. When referred 
to the orthorhombic space group, the coordinates 
of the atoms are + ( x , y , z ;  ½-x ,  ½-Y,  ½+z; ½+x, 
½ - y , z ;  x, y, ½-z)  with x=¼, y = l  s and z = ~ .  I t  can 
be shown that, if x, y and z take increments Sx, sy 
and s~ respectively, the first five doublet ratios are 
as follows" 

2 : ( l+6~V3s~  ) for the (100) doublet, 
2"(l+6~r~/3s~) for the (112) doublet, 

6~ s~) for the (111) doublet, 

2"(1 6~r sz) 

2:1 

for the (113) doublet, 

for the (150) doublet. 

Only the value of sz can therefore be calculated. 
The measured intensity ratios of the doublet com- 
ponents can be reasonably reproduced by giving to 
s.. the value 0.01, and the ratios so corrected are 
given in Table 2. 

Concluding r e m a r k s  

As far as X-ray diffraction could show, the structure 
of the iron carbide portion of the catalyst remained 
unchanged irrespective of the synthesis time, although 
its proportion in an extracted sample varied ~dth 
the time on synthesis. The only method of locating 
the carbon atoms would be by neutron diffraction, 
although if a single crystal were available it would 
at least be possible to distinguish between the ortho- 
rhombie structure and the hexagonal structure 
provided tha t  p 4= ½. 

The substance was stable at room temperature,  
but on heating for a few hours at  320 °C in a vacuum 
of about 10 -5 ram, the crystalline form became 
identical with the hexagonal structure reported by 
Hofer. A few per cent of spinel and of cementite were 
also detected. On further heading at 420 °C the 
hexagonal form was completely replaced by cementite 
and iron, while the spinel disappeared. This behaviour 
suggests that  some oxygen wa~ present in the lattice 
of the pseudohexagonal structure, but  it is not 
understood why the presence of oxygen should 
produce the shear observed. 

The cell dimensions are significantly different from 
those reported by Hofer et al. and by Jack, who 
calculate a=2.755,  c -4 .349  J~ and a=2.73,  c=4.33 J~ 
respectively. However, the similarity between all 
three substances suggests tha t  they may well belong 
to a continuous family. 

The work described above has been carried out as 
par t  of the general research programmes of the 
National Physical Laboratory and Warren Spring 
Laboratory, and this paper is published by permission 
of the Dircctor~, 
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