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Visualizing the stoichiometry of industrial-style Co-Mo-S catalysts
with single-atom sensitivity

Yuanyuan Zhu, Quentin M. Ramasse, Michael Brorson, Poul G. Moses, Lars P. Hansen,
Christian F. Kisielowski and Sig Helveg

which, to a good approximatigiscales with thesquare of theotal
uSrojected atomic number of the columis in previous work!4

the Zcontrast images of the MeSbasal plane msent an
gsymmetric dumbbell structureflecting a pair of atomic columns
Separated by 0.18 nm in <001> projection. This asymmetric
dumbbell corresponds to 1Mo and 2S columns, indicating the

Transition metal dichalcogenide (TMD) materials have uniq
physicochemicalpropertied>? Such functionalities may benefit
from incorporating other elements into the TMD structéifeFor
instance, chemical promotion is significant for nanocrystallineaMo
applied in catalytic hydrotreating defuization (HDS) processg

of crude oil fractions. Here, promoti by transition metals such as i e
Co (or Ni) is attributed to the stalled “CoMo-S” phasd? The Co ~ Presence of singllyer MoS nanocrystal and facilitating the

Mo-S phase was identifiessconsising of Co atoms attachetb the ~ @ssignment of Me and Sedge terminations (Figure 1&)
catalytically importantedges of the MoS nanocrystalsusing Although image contrast quantification is in principle applicable to
spectroscopic techniqués An atomic structure for the Gdlo-S identify the type ofall the atoms, in practice, the analysis usually
phase was proposed based on complementary model studies uslifers from uncertainties arising from a namform suppa
scanning tunneling microscopy (STRP and density functional contrast and the limited sigr@-noiseratio (S/N) required for non
theory (DFT) calculation§:”] However, relating the modstructure invasive observations with electron bedbd! Therefore, to
to industriaistyle CoMo-S catalysts remains ambiguous becausgnambiguously determine the chemical arrangement of industrial
the incorporation of Co into MeSanocystals is sensitive to the style CeMo-S nanocrystals, the present study combinA@\BF-
synthesis proceduf@ and becauselementidentification at the STEM  with  simultaneous  electron enefiggs  (EEL)
edges of the industriaityle CoMo-S catalystshas so far lacked spectroscop§s!
5|ngleatomsensmwty[g’g? . ) ) o First, for the Mog nanocrystal in Figure 1a, spectrum image,
Recent advances in higksolution (scanning) transmission nich consists ofEEL spectra recorded serially pixey-pixel
electrm microscopy ((S)TEM) imaging have opened up thgqrnssa selected edge regiois, used to determine thelemental
possibility of studyingwo-dimensionaimaterials with atomitevel ., nient from the relative intensities of thel &, Mo Mass and Co
resolution and sensitivit§14 For instance, highesolution TEM L. ionization edges (Figure S1). Figareb-1i show the resulting
resolvedthe elemental distribution in singlend doubldayer MoS  gjomental maps for the (100) Mand ¢100) Sedge terminations of
nanocrystal$? andhigh-angle annular darkield (HAADF) STEM 0 \ios nanocrystal. The maps reveal ttie basal plane consists
allowed for a distinction of the edge terminatiéifsHerein, we 4t \1o and Sand thatS and Mo are the only constituent elements at
address the location of Co promoter atoms in the industyild Co 1,4 Mo-edgelll The spectrum image also contan€K signal(not

Mo-S catalysts. Figure 1a is a representative HAAJEMimage  ronortedarisingfrom the graphite suppartere the main finding is

of a hexagonally shaped @uomoted Mo% nanocrystal supported that the elemental mapsambiguously shova clear Co signal

on a graphite flake, oriented with its (001) basal plane along ich isconfined to thesole Sedge and which haan appreciable
graphite (001) plane, and orthogonal to the electron lg@ation.  jnensiy at the outer atomic row. This preference for Co to occupy
In the HAADF mode, the images are dominated byoAtrast ssitions at the ®dge was confirmed in six additional sindgger
which associates a bright contrast to atomic column positaons /g, nanocrysals (e.g. Figure S5). Interestingly, the Co maps show
that the promoter atoms tend to fully cover thedge, everin the
presence of defects (Figure S6b).

Next, the precise atomic structure and stoichiometry at the S
edge of the singlayer CeMo-S namcrystal is determined by
comparing the elemental mapsd the HAADFSTEM image.
Figure 2 shows an analysis for thee@gein Figure 1. The 2S and
1Mo column arrangement of the basal plane latticeeadily
inferred from the HAADF contrast (Figure 2dhe 2S columns
coincide with maxima in the S map (Figure 2dpwever, due to
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the inelastic scattering procé8sandlow S/N,the Momapsshown
hereare not atomically resolvedNevertheless, figures 2b and 2d
show that the Co sighge&s mainly at the Zcontrast maxima
next to the 2S columns at the basal pladgeand that the Z
contrast maximappear slightly fainter than the Mo columns: these
maxima are therefore attributed to Co. Thus, the combination of
the atomicpositionsindicaed by Zcontrast and the element type
identified by EEL spectroscopy shows unambiguously that Co
atoms are occupying positiosanilar to Mo-sites as an extension

of the MoS basal plangand that Co form2S-1Co dumbbells, as



viewed in theMoS; <001> progction. Inspection of the-Zontrast containingreactant$®® ! Moreover, the direct characterization of
line profiles also reveals that the-2680 separatiorof ~ 0.16 nm  the CeMo-S structure agrees well with complementary studies of
(CoS bond length ~ 0.22 nm)is shorter than the2S1Mo model and industrlestyle cataly This independence of the
separationof 0.18 nm(Mo-S bond length0.24 nn) (Figure S2). synthesis route and support material suggests that theloc®
Further away from the edge, tEEL spectra show that Mo and Co Structure represents aequilibrated phase. The observations
are absent, but that S is still detect®de S sigral (albeit not as well therefore give hope that further interplay with model studies will
definedasin the bulk ofthe nanocrystatue toa lower S/N) peaks ~Uncover the role ohe Ce promoter in the industrial HDS catalysis.
at very faint Zcontrast maxima bridging the Co atoms at the Verg{owever,the fact that Fe residuals C_°m9“‘“’? Co for Se_d_ge sites
edge of thenanocrystalFigure 2a). These maxintevejust half of uggests that the €do-S preparation is highly sensitive to the

the S intensity of the 2S columns on the basal plane (Figure 2¢) gr%mty of the raw materials. As Fe does not to promote the HDS

. X ; . activity 229 its presencdowers the fraction of the promoted Co
are correspondingly assigned to single S atofsontrast line y P P

) O . Mo-S sites. This finding may explain why carbsupported Co
profiles show that the 1CbS separation i9.190.22 nm, again Mo-S catalysts tend to vary in activity depending on the type of

consigent with a contraction of the G& bond length compared 10 5poni3l Thus, the present analytical capability of pinpoiniiocal
that of Mo-S. Thus the 2S1Co dumbbells at the Bdge are atomic stoichiometry should in general be highly beneficial for
terminated by a row of single S atoms such that the Co atoms ge&eloping preparative routes of promoted Mo&alysts and other

tetrahedrally coordinatedto S. , nanomaterials with tunable functionalities
As a note of caution, the acquisitiofitbe present data at single

atom sensitivity requires low electron doses because the catalyst is
highly susceptible to electron beam damage. Such effects appea . .
ghly ptible K 9 PPeaESHerimental Section

atom removal (mainly at edges or corners) between successive

images (Figure S6 and S7o address the impact of the electronT dustrial-stie C red MoS, hvdroteati vt g

beam, HAADFSTEM images were therefore recorded before ancf‘e industriab-style f-o-promoted Wosa ydrotieating catdlyst was preparec on
. L . raphitic support by a sequential incipient wetness impregnation method.!?!!

after the spectroscopic data acquisition. Only spectroscopic res@‘

. . . R . X t, a graphitic powder (Grade AO-2, Graphene Supermarket) was rinsed by
without noticeable lattice damage in those images were InCIudedo%llic acid to reduce metallic impurities, resulting in a residual Fe content of

the present analysis (FiggsS5S7). about 210 ppm. Secondly, the rinsed powder was tabletized and granulated.

Figure 3 summarizes the analysis in an atomistic picture: thge graphite granulates were (i) impregnated by a Co (acetate) solution of 0.1
industriatstyle carborsupported CéMo-S nanocrystals have single wt% Co, (ii) dried in ambient at 110 C, (iii) dipped in an (NH 4)2[M0Sa] solution
Co atoms preferentially located at the®e of aMoS: nanocrystal with a Mo loading of around 0.3 wt% and (iv) finally dried. Thus, the nominal
and coordinatectetrahedrally to S atoms. Thdrsture of the atomic ratio of Mo:Co was 3:1. Finally, the impregnated graphite was sulfided in
unpromoted Meedge termination of the MaSnhanocrystal was 10% H2S in Hz at 1073 K for 6 hours and subsequently cooled to room
addressed previously (Figure $13).The preferred location of Co in temperature in inert N2. The samples were stored in a dry and O-free
the present industriatyle CoMo-S nanocrystals agrees with atmosphere, which is also used for TEM sample preparation.i*34 Specifically,

. . . h lates were crushed in a mortar and dispersed dry on standard Cu TEM-
6l 71 \ granu
previous S NP6l and DF %7 studies. These diies considered Go grids covered with lacey carbon.

Mo-S nanocrystals formed on Au(lll) by a phySical VapQfiectron microscopy was carried out at the SuperSTEM Laboratory, Daresbury,
deposition method under ulttagh vacuum conditions, or in an ysing a Nion UltraSTEM100 dedicated aberration-corrected scanning
unsupported state, respectively. Moreover, the observed contractggsmission electron microscope. The microscope has an ultra-high vacuum
Co-Sbond lengthand thetetrahedralS coordinationof Co agrees below 5 x 10° Torr near the sample. The instrument is equipped with a cold
with X-ray absorption spectroscoppsults from industrial.style field emission gun with a native energy spread of 0.35 eV and was operated
alumina and carborsupported Cévio-S catalyss/'’] The  with a beam energy of 60 keV. The probe-forming optics was configured to
comparison of the different model and indus{dtgdle CoMo-S p‘rovide a beam convergence‘semi—angle of 30 mrad, corresponding to a probe
catalysts shows similar structural characteristics, despite remarkaff§ ©f & 0-11 nm. An estimated electron beam current of ca. 50 pA was

- . . - . impinging on the sample. STEM images were acquired in HAADF mode with
differences in their preparation, support and sulfidatiorfact, the ) . _

. . the detector inner and outer radii being calibrated at 85 mrad and 190 mrad,
observations of the 1S reconstruction _at thep@omoted _&dge respectively. EEL spectrum images were recorded using a Gatan Enfina
and at theunpromotedMo-edge agreewith DFT calculations of spectrometer, with a collection semi-angle of 37 mrad. An energy dispersion of
unsupported G#lo-S[™*1418 This correspotence indicates that o7 evichannel was chosen so the S L23, Mo Mas and Co Lz ionization edges
the present sulfiding conditions aeslequateto equilibrate edge could all be recorded simultaneously. The dwell time was set to 50 ms/spectrum,
structures and that the @do-S/graphite interaction is sufficiently which provided the best achievable compromise between acquisition speed and
weak to leave that equilibrium structure unperturbed. S/IN.P2 The data in Figure 1, 2 and 4 are simultaneously recorded HAADF-

However, a part of the MeSanocrystals insected in the Go STEM and EEL spectrum images. In the analysis, all spectrum images were
promoted catalyst deviated from the-f@0-S structure. Figure 4a first denqised gsing principal compc_)nent anal_ysis.ml Subsequently, thei eI_ectr_on
shows a singl@yer MoS nanocrystal for which the EEL speCtraenergy dlsper3|or1 was carefully callbrateq using the S Lz3 and Fe L2 3 ionization
unambiguously reveal a Qo edge as well as an additional Ees edge onsets as |nter-nal references, whlle the C K edge onset was used to

f ' . check for energy shifts. For generating elemental maps, the spectra were
edge (Flgure 4@) T_he_ atonfby-ato_m anby&s_shqwg that Co and background-subtracted by fitting a power law model to electron energies lower
Fe atoms occupy similar sites (Figure 4Ehis similarity agrees than the edge onsets, without any further smoothing or filtering, and integrated
with previous model studi€¥ andmay arise because Co anddfe  oyer a 20 eV, 40 eV and 60 eV windows above the edge onset of the S L3, Mo
neighbaing transition metalsas opposed to W or Au that substitutem,s and Co L.s signals at each spatial pixel (unless specified otherwise).
into basal plane sites daittice defecté2%, respectivelyHowever, HAADF-STEM images are reported as raw data, unless otherwise specified.
Fe was not intentionally added during the present synthesis
Thereforethe observed Fe (Figure 4b) probably stems floeFe  Keywords: electron energy loss spectroscopy « electron microscopy ¢
residualdetectedn the graphite suppo(Experimental Section) heterogeneous catalysis » molybdenum disulfide « single-atom

In summary, thepresent analysis of aindustriatstyle, carbon  sensitivity
supported CéMo-S catalyst reveals that single Co promoter atoms
are located preferentially at the-efiges with a tetrahedral
coordination toS. As a result, the Gpromoter atoms become
intrinsically undercoatinated to S, an arrangement which has
previously been proposed to be attractive for adsorption-of S
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Figure 1. a) Unprocessed HAADF-STEM image of a single-layer Co-Mo-S
nanocrystal on a graphite support with MoS: (001) orthogonal to the electron
beam direction (left). A ball model and an enlarged section of the interior lattice
(right), showing the asymmetric 2S-1Mo dumbbell Z-contrast pattern, resolves
the (100) Mo- and (-100) S-edge terminations as marked. Simultaneously
recorded HAADF-STEM image and elemental maps are derived from the S Lz3,
Mo Mas and Co L3 ionization edges at the Mo-edge (b-e) and S-edge (f-i). Note
that the S maps are atomically-resolved with maxima at the S sublattice of the
basal plane while the Mo maps only provides a reference for the distribution of
Mo. Arrows mark the termination of the basal MoS: (open) and the position of
Co (red). The Co map also shows faint maxima suggesting near-atomic
resolution.

Figure 2. a) High-resolution HAADF-STEM image of the S-edge in Figure 1a
and corresponding (b) Mo and Co and (c) S maps. The ball model denotes the
positions of a 1Mo (blue), 2S (yellow), 1Co (red) and 1S (orange) atom columns
(Figure S2). d) Integrated Co L3 ionization edge, representing the sum from six
different 1Co atomic columns along the S edge. e) The Lz 3edges of one 2S and
one 1S atomic column in c). Each atomic-column EEL spectrum is integrated
over a window of 3 x 3 pixel area (corresponding to the probe size) in a).

Figure 3. Top-view ball model of the industrial-style Co-Mo-S nanocrystal. The
balls denote the position of 1Mo (blue), 1Co (red), 2S (yellow) and 1S (orange)
column.

Figure 4. a) HAADF-STEM image of a MoS2 nanocrystal. An EEL spectrum
image is acquired over the S-edge area framed in black. b) The corresponding
combined Mo+Co+Fe map. Here, the Fe and Co signals are integrated over a
40 eV window above their respective edge onsets. ¢c) HAADF image at the S-
edge (framed in a) with a superimposed ball model indicating 1Co (red), 1Fe
(green), 1Mo (blue), 2S (yellow) and 1S (orange) column positions. d) Separate
EEL spectra integrated over the white-framed regions in b showing Fe and Co
L3 ionization edges. A slight structural change of (a removed Co atom, marked
by an open circle) does not affect the conclusion (Figure S4c).
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