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Abstract

Tungsten disulfide (WS nanoclusters supported on high surface area graphite are studied by use of high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) imaging. It is found that HAADF-STEM, in contrast to high-resolution transmission
electron microscopy (HRTEM), enables ready observation of all the Mé8oclusters and gives direct insight into their morphology. Such
measurements may thus provide a more detailed and quantitative basis for establishing activity correlations. The S-W-S layers of the WS
nanocluster structure are found to be oriented parallel to the graphite surface and with an apparent topotactic orientation relationship. Where:
many WS nanoclusters are observed to be irregular in shape, hexagonal and more often triangular or truncated triangular shapes are al:
encountered. The shape variations within a particular sample are larger than the shape variations between different samples each prepared
a particular sulfiding procedure. The vast majority of nanoclusters contains only a single S-W-S layer even after sulfiding at 1073 K.

0 2004 Elsevier Inc. All rights reserved.

Keywords: HAADF-STEM; HRTEM; Hydrodesulfurization; HDS; WS Morphology; Carbon; Graphite; Support interaction

1. Introduction (S-W-S) layer$2]. This is also the location where the pro-
moter atoms are found in the so-called Co—Mo-S (Ni—-Mo—
Molybdenum- and tungsten-based catalysts promotedS, Co-W-S, and Ni-W-S)-type structur@}. In view of
with cobalt or nickel have been used extensively in refineries the importance of the edge sites, there has been a particular
to remove sulfur from different oil fractiorj4—3]. With the interest in obtaining information about the edge dispersion
recent emphasis on the production of ultralow sulfur trans- and a detailed morphology of the Mp8NS,) nanoclusters.
port fuels[4-7], there is a renewed interest in understanding The latter type of information is highly relevant if we are to
the detailed structure of such hydrodesulfurization (HDS) gain more detailed insight and address the role of edges and
catalysts. corner sites. In typical supported HDS catalysts such insight
HDS catalysts have been the subject of numerous charachas been difficult to obtain since the Mp8VS,) material
terization studie$2], and today there is general agreement consists of very small{ 2 nm), X-ray amorphous clusters.
that after sulfiding Mo (W) is present as Mp@VS,), which The identity of these clusters was first established by EX-
has a characteristic structure consisting of S-Mo-S (S-W-S)AFS [8] and since then this technique has provided further
layers. Many structure—activity correlation studies of these yajuable insigh{9-16] EXAFS experiments may, for ex-
highly anisotropic systems suggest that the catalysis is re-a3mple, be used to estimate the edge dispersion of thesMoS
lated to the sites along the edges of the individual S—-Mo-S (WS,) nanoclusters. However, disorder and surface recon-
struction effects make suchaasurements quite inaccurate
" * Corresponding author. and EXAFS typically overestimates the edge disper§on
E-mail address: abc@topsoe.dkA. Carlsson). 9,14-16] Also, EXAFS experiments do not allow a detailed
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insightinto the 3D structures of the nanoclusters. Early FTIR ble to use HAADF-STEM to detect single heavy atoms on
and XPS studies showed that single-layer MeBeets dom-  a light support. If a small enough probe can be formed,
inate under mild sulfiding conditiorj47,18] However, the HAADF-STEM also gives the possibility for atomic resolu-
key techniques for providing insight into the morphology tion Z-contrast imaging. Scattering is caused by the nucleus
of the MoS (WS;) nanoclusters have been high-resolution and follows roughly aZ? dependence. We therefore use
electron microscopy (HRTEM]19-38] In such experi-  a heavy element sulfide, WSon a light element support,
ments the individual S-Mo-S layers of the MoSructure  carbon. In such carbon-supported catalysts, the support in-
may be imaged and their number and projected length in teractions are expected to be quite weak and the catalytic
each Mo$ nanocluster may be determined. From measure- properties resemble those of the high activity Type Il struc-
ments of a large number of nanoclusters, estimates of thetyreg[?2].
edge dispersiof22,30,33,34nay be obtained and valuable
insight into the effects of sulfiding and changing catalyst
compositions may be gained. Such measurements have als
been the basis for intersg activity correlation$34].

There are also several problems associated with the ap- )
plication of HRTEM. For example, several HRTEM exper- 2-1. Sample preparation
iments[22,30,32]suggest that HRTEM will not image the
very smallest nanoclusters (e.g., those containing less than Graphitic carbon (Timcal Timrex HSAG100 CAT, Spe-
about 7 Mo atoms). For some catalysts, this may constitute cial Graphite, M-292) with a BET surface area of 118/m
the majority of the nanoclusters. However, it has been shownis used as support. The carbon powder was tabletized, gran-
that nanometer-sized spherical oxysulfide or sulfide particlesulated, impregnated by the incipient wetness method with an
can be observed on samples that have not been exposed to ailqueous solution of ammonium metatungstate, and dried in
[37,38] These particles show very low contrast in HRTEM air at 110°C. The tungsten loading was determined to be ap-
images of practical catalysts and are usually only observedproximately 0.6 wt%. The sample was split in three parts,
in profile view on the edges of the support particles. Another placed in quarts boats, and sulfided in a tube furnace under
problem with the application of HRTEM to supported cata- different conditions. The samples were sulfided as follows:
lysts is that not all orientations with respect to the electron WS,/C(H,S/H;), 10% H:S in H; for 6 h at 1073 K and then
beam of the highly anisotropic, layered Mo@VS,) struc- cooling to room temperature in ANWSy/C(HoS/Hp, Ho),
ture will be imaged. The layers are viewed as lines when 10% H,S in H, for 6 h at 1073 K and then 100%-Hor
imaged perpendicular to theaxis, and typically atomicim- 4 h at 673 K, and finally cooling to room temperature iy N
ages are obtained only when imaging along th€0) and  WS,/C(H,S), 100% HS for 6 h at 1073 K and then cooling
(110 directions[32]. Since images are not obtained along to room temperature in A\ All samples were passivated by
the ¢ axis, no information about the shape/morphology of means of 1% @in N, before they were quickly transferred

the layers is obtained. Thus in order to arrive at estimatesfrom the cold tube furnace to a container where they were
of the concentration of edge sites, corner sites, etc., onestored under Nuntil TEM analysis.

has had to rely on assumptions regarding the MA8S,)
nanocluster morphology. Typically, the hexagonal morphol-
ogy was assumed. Recently, it was possible to support small
MoS; nanoclusters on Au(111) single crystal surfaces and
to characterize their structure and morphology in detail by ~ The samples were crushed in a mortar and deposited dry
use of scanning tunneling microscopy (ST}4Y,40] These on standard Cu TEM grids covered with lacey carbon. Both
studies show that MgShanoclusters may also exhibit non- TEM and HAADF-STEM measurements were performed
hexagonal morphology. With this background, it is highly ©n a Philips CM200 FEG UltraTwin electron microscope,
desirable to obtain detailed morphological insight into sup- With a primary electron energy of 200 ke¥s = 0.5 mm,
ported catalyst systems that are closer to the industrial cata-and a point-to-point resolution of 1.9 A in TEM mode. The
lysts, i.e., where the support and preparation parameters mayesolution in STEM mode depends on the instrument set-
play key roles in determining their structgj. tings used, but the images presented here have a resolution

Presently we will show that WiSnanocluster morphol-  of ca. 0.4 nm, as determined from the observation of lat-
ogy information can be obtained from high surface area tice fringes. The alignment for STEM was carried out using
supported catalysts by use of high-angle annular dark- ronchigramg[46]. The contrast in HAADF images is ap-
field scanning transmission electron microscopy (HAADF- proximately proportional tazl7 [45], and this is thus an
STEM) imaging. This technique was first applied in ded- excellent technique for observing heavy nanoparticles (e.g.,
icated STEM instruments and ess the electrons scattered WS) on a light support (e.g., C). In contrast to HRTEM,
at high angles to createzcontrast imag¢41-45] Today, quantitative analysis of images is quite straightforward. EDS
more readily available combined TEM-STEM instruments spectra were recorded with an EDAX spectrometer using a
are commonly used. It has been shown that it is possi- probe size of around 5 nm.

9 Experimental

2.2. Microscopy
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3. Resultsand discussion the present samples we encounter the same problems that
previous investigations identifie[82,33], and HRTEM is

The graphite support has a flake-like structure with a typ- not suitable to provide detailed information about the shape
ical flake thickness of 5-10 nm. When HRTEM images of of the WS nanoclusters. In the Fourier transform peaks cor-
the sulfided catalysts are obtained with the electron beamresponding to Wi can be distinguished, in addition to the
parallel to a graphite sheet (i.e., edge on), S-W-S layers canpeaks stemming from the graphite support. Fourier filtering
be viewed as lines. This is in complete analogy with pre- using the W$ peaks can give an indication of the location
vious TEM investigations of supported Mo or W catalysts and general shape of the \WW8&anoclusters, but a detailed
(see, e.g]22,23,32,33)and these results are not given here. analysis of the shape is not possible from such filtered im-
However, they do show that the WSheets are attached ages. The same area imaged with HAADF-STEM shows
flatly onto the graphite surfac€ig. 1 shows HRTEM and  excellent contrast and the morphology of the #&noclus-
HAADF-STEM images of the same WShanocluster im-  ter can be studied in detail. The Fourier transform also shows
aged with the electron beaperpendicular to the graphite @ near parallel orientation of the graphite and Jetices,
sheet. The contrast in the HRTEM image is weak and direct indicating a topotactic relationship.

observation of the Wgnanoclusters is difficult. Thus, with Fig. 2shows an example of an HAADF-STEM image that
has been obtained with the electron begarpendicular to

a graphite sheet. Many bright structures with regular shapes
(ca. 1-100 nm in diameter) ranging from triangular to hexag-
onal are readily observedrig. 3), but it is noteworthy that
many of the structures are quite irregular. In view of the quite
large difference in contrast between the bright structures
and the background, it is likely that the structures originate
from WS, nanoclusters. This is confirmed by performing en-
ergy dispersive spectroscopy (EDS) on the bright areas and
comparing the result with thaff the adjacent graphite back-
ground Fig. 4). The EDS measurements were performed
with a stationary, defocused probe (ca. 5 nm), and no beam
damage was visible in the image after spectrum recording.
Besides the clear presence of W in the bright areas, the EDS

R

Fig. 2. HAADF-STEM image of several WShanoclusters supported on a
Fig. 1. HRTEM (A) and HAADF-STEM (C) images of the same Y#&n- graphite sheet. In contrast to HRTEM, the shape of even very small struc-
ocluster. In the HRTEM image the contrast is very weak and the exact tures (< 3 nm) can be clearly discerned in the HAADF-STEM image.
shape of the Wgnanocluster is difficult to discern. The Fourier transform  While many WS nanoclusters are irregujairiangular and hexagonally
(B) of the HRTEM image shows peaks corresponding to grapgkiteand shaped nanoclusters are also clearly visible. The particular sample imaged
WS, (O). The particular sample imaged is WE(H2S/Ho, Ho). is WSy/C(HoS/Hy, Ho).
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Fig. 5. HAADF-STEM image of a composite structure that most likely
arises from accidental overlap of W®anoclusters located on opposite
sides of the graphite sheet. The particular sample imaged i @{8,S/
Ho, Hp).

) _ oclusters almost all have the same thickness. Several obser-
Fig. 3. HAADF-STEM image of two regularly shaped, truncated s vations, to be discussed in the following, together evidence

angles. Itis unclear whether the two structures are located on the same S|deth t tW lust | truct
of the graphite sheet, but in any case their similar orientations could indi- at mos  nanoclusters are monolayer structures, ie.,

cate a topotactic relationship to the support. The particular sample imaged that they consist of only a single S-W-S sheet. One obser-
is WSp/C(HpS/Hy). vation is that the nanoclusters in typical HAADF-STEM im-

ages were found to cover approximately 6% of the graphite
A sheets. This value agrees quite well with the calculated cov-
erage of 4% assuming that all W present as monolayer
structures and that all graphite sheets have a thickness of
10 nm. It should be noted that in the images we may observe
WS, nanoclusters that are located on the same graphite sheet
both on top and underneath. In some imadég.(5) we even
I ||” M ]|||| |||” | | observe accidentally overlapping W8anoclusters located
on top and underneath a particular graphite sheet. A nice
B feature of HAADF-STEM is that quantitative analysis is

performed in a straightforward manner. If we use #e’
dependence of the intensity and the typical thickness of the
M Cu w
e L ‘|II Illl II|I| I \Il \llMW“

graphite sheets, the observed intensity difference between
the WS structures and the graphite support also agrees well
with the predominance of monolayer \W8anoclusters. The
same conclusion is arrived at when the lacey carbon support
: is used as an internal scattering standard. Finally, when the
9.00 . . .
KeV graphite sheets are imaged edge big(6), we almost ex-
clusively observe single-layer WSheets.
Fig. 4. EDS analysis of the graphite support (A) and a supporteg he8- All the above HAADF-STEM results show that the WS

ocluster (B). Note the complete lack of W signal in A. The EDS spectrum nanoclusters are attached flatly onto the graphite surfaces
denoted B was recorded with the probe centered on a single-layer WS y grap :

slab, whereas the one denoted A wesorded with the edge of the probe ~ QUite often it is observed that adjacent YV@anoclusters
a few nanometers away from the sldthe Cu signal originates from the ~ are oriented in the same way. This indicates a quite strong
TEM grids. The particular EDS analysis shown was made on the sample topotactic interaction with the support. The dominating oc-
WS/C(HzS/Hp). currence of monolayer structures, even after sulfiding at
1073 K, also supports this and it is therefore likely that the
spectrum also shows, at low energies, the presence of sulinteraction energy with the graphite support is greater than
fur. No attempts at quantitative analysis of the spectra werethat existing between S-W-S layers of W3he apparent
made due to the low number of counts. topotactic behavior may also be related to the observation
The quite uniform intensity of the areas in the images that the WS nanoclusters may preferentially be located at
where WS nanoclusters are present indicates that the nan-graphite step edgeFig. 7). The irregular shapes may be re-
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Fig. 6. HAADF-STEM images of graphite sheets imaged edge on. Note the presence of single-layea&wSusters on one or both sides of the sheets. The
particular sample imaged is W& (HoS/Hy, Ho).

Fig. 7. HAADF-STEM image of a W& nanocluster shaped as a regular  Fig. 8. HAADF-STEM image of a vy irregular, multilayer W$ nanoclus-
truncated triangle. Note that one edge of the nanocluster follows a step onter. The shape seems to be determined by a structure on the graphite surface.
the graphite surface. The particular sample imaged isNV&1,S/Hy, Hy). As quantified inFig. 9, the varying intensity in the nanocluster image is due

to different number of S-W-S layers in different parts of the cluster. Thus

in the brightest part the cluster cairis 3 S-W-S layers. The particular

lated to growth starting from irregular graphite steps. It is sample imaged is WEC(HyS).

also likely that during the growth process, WiSlands will
meet new step edges that will halt the growth in this direc-
tion and influence the final shape. Thus, highly sulfiding conditions will favor the formation
In some cases, the apparent multilayer structures are, a®f the Mo edgeg40,48,52]and Mo$ triangles exposing
discussed above, the result of the overlap between images obnly these edges can in fact be obserf@8j40] Under more
WS, nanoclusters located at opposite sides of the graphitereducing conditions, truncated Mp&iangles or hexagons
sheet. In other areas, the multilayer structures are clearly as-exposing both types of edges were obserj/]. In view
sociated with the same particlgi¢. 8). The intensity analy-  of the prior calculations and STM observations on model
sis taken across the particléig. 9) shows that the intensity ~ systems, the effect of different sulfiding treatments was also
increases in steps corresponding to one S-W-S layer. investigated in the present study. For the MScatalysts
Previous catalytic measuremts showed that the prop- studied here, the morphological effects appear much more
erties of HDS catalysts depend on the choice of sulfiding complex than those observed by STM on M&SI. The
procedure (see, e.g2]). Recent DFT calculationg7-53] WS,/C catalysts display much larger shape variations within
and STM observationf39,40] have provided a basis for each individual sample than lvezen the three samples that
understanding such phenomena since the tendency for exhad been obtained by means of different sulfiding gas mix-
posing the(1010) Mo and (1010 S edges depends on the tures. It will in fact require a statistical analysis of many
chemical potential of the gaseous environment of MoS WS,/C images before detailed conclusions regarding the ef-
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Fig. 9. Intensity line trace of the three-layer WiSanocluster oFig. 8 The
trace follows the line A to B irFFig. 8and the values for the step heights in

the graph show an even increase in intensity when extra S-W-S layers are

added.
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