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Raman Spectroscopy of Nickel Sulfide NiS,
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Raman spectra of nickel sulfides reported in previous studies are inconsistent due possibly to the difficulty
in obtaining samples of the required purity in composition and phase. In this study, Raman spectra for both
the low-temperature (heazlewoodite)- and the high-temperature (cubic)-ph&seddilected under both ex

situ and in situ conditions, are correlated with factor group analysis and X-ray diffraction. The study is important
to the investigation of sulfurnickel interactions in catalyst systems for processing of sulfur-containing
chemicals and in solid oxide fuel cells (SOFCs) that run on sulfur-containing fuels; it also provides a standard
reference for research in areas such as the corrosion of nickel-based alloys in a sulfur-containing atmosphere.

Introduction interactions of sulfur with a typical NitYSZ SOFC anode. The
individual nickel grain sizes were on the order-a20—60 um.

Since the Raman laser sample spot was focused to an intense
spot of~1 um diameter, this grain size allowed for the Raman
Ymeasurement of the sulfide phase formed on the nickel surface
without any interference from the neighboring YSZ phase.

In the study of gas/electrode interactions for solid oxide fuel
cells (SOFCs), Raman spectroscopy is an effective tool in the
detection of species formed on the electrode surface, especiall
under in situ conditions (i.e., at high temperature in a certain

gas atmospheré).? For nickel, the catalyst material fqr SO.F(.: Raman spectra were collected using a Renishaw RM 1000
anodes, however, the problem of detecting and identifying Raman microscope. The objective had ax5tagnification.

surface sulfide species can be complicated because nICI((al'l'he laser wavelength was usually 514 nm (Ar ion laser, Melles

Sum?es hla:vetrr]nany ctilffltler(afr}[thstrFl;ctures W'tht dn;fer(tarr:t st0|cht|- dGriot), and the power of the laser beam at the focal point was
ometries. Further, not all of the kaman spectra for th€ reported__; -y -~ For the in situ Raman experiment, a-\SzZ

’s\lglféczles l:‘.i\r’]ecgﬁ]egOi?tegm':tzdagrla?%gggfjlﬁezo{ee);%n;%e’composite pellet, with a polished surface, was mounted onto
132, WA y exi ' ZIEWOOTIE 4y sample stage of a customized Raman sample chamber

and is a typical corrosion product for nickel, has a rhombohedral ( o g S .

. modified HVC-DRP-1, Harrick Scientific) using a gold paste
structure with a space group BB2 (see JCPDS card N(.)' 44- C5755A, Heraeus). The Raman chamber was then heated in
1418). The reported Raman spectra for the heazlewoodite-phas owing hydrogen to the measuring temperature;Sliwas

. . : - -
NisS, conflict W'th each othef.” In a}ddmon, th_e Raman formed in situ by exposing the NiYSZ composite to a flowing
spectrum for the high-temperature cubic-phassSNias never HoS/H, fuel mixture with p(H>S)ib(Hz) = 10-4 (100 ppm) at
been reported. . ) . . ~440°C (the symbol *-" is used since the error for temperature
Durlng the study of the sulfuranode interactions in solid measurement was5 °C). The Raman spectra, as well as optical
oxide fuel cells, we measured the Raman spectra for both theimages showing surface morphology, were recorded before and

low-temperature (heazlewoodite)- and the high-temperature- yrer 100 ppm KS was introduced into the Raman chamber.
phase N§S, using in situ Raman spectroscopy. The results 1, characterize NB, at temperatures greater tham40 °C

shown were correlated with factor group analysis, confirmed using in situ Raman, a compact of commerciadi(Aldrich
with X-ray diffraction (XRD), and compared with previous #343226, which was: actually a mixture of48 and NiSe, as
studies. These results provide a standard reference for the Ramag otarmined by XRD) was placed on a YSZ pellet placed on the
spectra of NiS,, important for studying the interactions between sample cup. The sample was heated in a flowing fuel mixture
sulfur and nickel (or nickel-based alloys) in a sulfur-containing ¢ 5, ppm HS/50% H/50% N (by volume) to an elevated
atmosphere. temperature up to-580°C. (The phase transition between the
low-temperature heazlewoodite-phasesi and the high-
temperature cubic-phase 4S8} happens at 565 5°C.) X-ray
The samples used in this study were dense composite pelletdiffraction (XRD) was carried out using a PW1800 X-ray
containing 40 vol % nickel and 60 vol % vyttria-stabilized ~diffractometer (Philips Analytical) at room temperature in air
zirconia (YSZ). A nickel-YSZ composite was used because Using Cu K radiation.
the study was carried out in the process of investigating the

Experimental Procedures

Results and Discussion

* To whom correspondence should be addressed. E-mail: meilinliu@ Figure 1 shows the XRD pattern of the-NYSZ composite
mse.gatech.edu. Tel+1-404-894-6114. sample after being exposed to a flowing gas mixture of 100
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Figure 1. XRD pattern of the Ni-YSZ composite after exposure to
100 ppm HS/H, at ~440 °C for 12 h and quickly cooled to room
temperature.
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Figure 2. Room-temperature Raman spectrum of¥iformed on a
Ni surface after exposure to 100 ppm3AH, at ~440°C for 12 h.

500

ppm HS/H, at ~440°C for 12 h and then quickly cooled to
room temperature in a gas mixture of 4%/86% Ar at a rate

of ~70°C/min. In addition to Ni and YSZ, which are the major
components of the composite,dSj (heazlewoodite phase) and
trace amounts of NiO were detected. The thickness of tf®& Ni
layer was estimated to bel—5 um from the roughness of the

nickel surface. Figure 2 shows the corresponding room-
temperature Raman spectrum taken from the Ni regions, whose

surface was covered by $, and trace amounts of NiO. The

spectrum has a total of six peaks at 188, 202, 224, 304, 325
and 350 cml. The Raman spectrum remained the same when
the laser wavelength was changed from 514 to 488 nm. This

spectrum is believed to correspond to heazlewoodite-phaSg Ni

for several reasons. First, factor group analysis based on the

correlation method given by Fateley et®ashows that the
irreducible representatiod’ of the phonon modes for the
heazlewoodite-phase M, (space groupR32 (155) ong) is

1)

of which there are a total of six Raman-active bands, two A
and four E. Second, the cubic NiO phase identified by XRD
has a space group 6M3m (225) orO?, for which I ¢S =
FR, which is not Raman active. In fact, previous studies
revealed no sharp features in the 20 cnt? region of the

[sseeysl= o AR 4 oAR + 4gRIR
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Figure 3. Optical microscopy images of the N¥SZ composite before
(a) and after (b) the formation of p8; on the Ni surface when it was
exposed to a fuel of 100 ppm,B/H, at~440°C for 12 h. The micron

bar represents 20m.
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Figure 4. Raman spectra taken from the Ni region before and after
the formation of NiS, during the in situ experiment at440°C in a

fuel gas of 100 ppm bB/H..

Raman spectrum for NiO powdet$? The third piece of
evidence can be seen in the in situ Raman data, which traced
the formation of NiS, on the Ni-YSZ composite surface at

‘elevated temperatures in&tcontaining fuels. According to the

phase diagram constructed by Rosenqgvist and the thermal
chemical data in the literatufé;}2 NisS, forms at~440°C or
below in gas mixtures witp(H,S)/p(H2)= 1074 On the basis

of those reported results, we carried out our in situ Raman
experiment at~440°C in a fuel mixture of 100 ppm b5/H,.

(We did not use a lower temperature in the range~8D0—

400 °C because (i) the reaction kinetics would be slower and
(i) other nickel sulfides such as 8 or NiS would start to
form in the same fuel at lower temperatures.) Figure 3 shows
the change in the optical microscopy image of the Ni surface
before and after NB, formation, while Figure 4 shows the
corresponding change in the Raman spectrum taken from the
same Ni region. The relative position and intensity of those
peaks match those obtained at room temperature very well,
except that every peak shifted to a lower wavenumber. For
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example, the peak at 350 chshifted to 341 cm' as the sample
temperature increased from 20t@40°C, which was expected

from the thermal expansion of the lattiteThe peak at-325 ®
cm~1in Figure 2 is not visible probably because it is buried by 556 °C, -
the two adjacent peaks. The sharp peaks at 358, 589, and 816

cm™! in those spectra are due to the rotation of physically
adsorbed hydrogeH.In addition to the experimental evidence
provided above, the Raman spectrum fors®i has been ?5,
confirmed by ab initio calculations, which provided assignment §
of the Raman bands.All of these results lead to the conclusion
that the Raman spectrum shown in Figure 2 indeed corresponds
to the heazlewoodite-phase3S;.

The spectrum obtained here for the heazlewoodite phase is
different from most previous results in the literatdré.Ozkan
et al. reported that their self-madesSi sample did not show
any Raman bandsZhu et al. claimed that N8, has one J
characteristic peak at 115 cAP Bishop reported that N8,
(high-purity heazlewoodite, 97.98%, Aldrich Chemical Co.) has
a total of 10 Raman peaKRstarlier, our own group, we now
believe, incorrectly attributed Raman spectra with peaks at 208, J
288, and 334 cmt to NizS,.1>16The only match in the literature PR S U Y P U R
is the spectrum obtained using a 532 nm laser in the RRUFF 100 200 300 400 500 600 700 800 900
database of Raman spectra, X-ray diffraction and chemistry data__ Raman Shift (cm”) N
for minerals by the University of Arizonalt is not clear, F'gr:irfhil '\qNa;“?T:‘ S?etCt:a Iﬁrr?]% r;]e%rrtrlnehten;ﬁ)evzatuéi of trr?nsmtonth
howgverz why the researchers Con§tructing the database ObtaineH%h-teripC)eratﬁrep:ugi(l;l ;hasc:a. Tﬁei‘yib&ﬂ?gdiﬁatgg thg)s%eifﬁjrs )
a quite different spectrum when using a 785 nm laser. Neverthe-\yas taken during the heating process, while the symbdlifidicates
less, the huge discrepancy for the Raman spectrum of heazlethe spectrum was taken during the cooling process. The extra peak at
woodite-phase NE; in the literature illustrates the difficulty =~ ~120 cnrtis due to stray light, while the peak at 589 chis due to
in obtaining high-purity N§S, with the right phase by conven-  adsorbed hydrogett.

tional methods. The nickelsulfur system is very complicated,  mgjecules per lattice point equal to 0.5, which is hard to justify.
with several compounds existing: 2 It is possible that the gy contrast, it has been proposed that the structure of the high-
surface of the samples used by some other researchers did ”%mperature cubic-phase 48 has a defective antifluorite
have the exact stoichiometry and/or structure. Further, the g cturel®20 In the authors’ opinion, the later explanation is
surface of the sulfide sample may have been oxidized to NiO. ,ore reasonable. The real chemical formula for the high-
In fact, as stated earlier, even the commerciaBpurchased e mperature NS, would thus be Ni_sS,!8 or, more precisely,
from Aldrich by the authors turned out to be a mixture of$i Ni»_sS1920This change makes the total number of molecules
;nedAl\llgﬁgh-l‘—‘rllﬁ ;?22“@22‘:?60;’;%”;1;3%Sir?rggl;fg'gnsu?f per unit cell equal to 4. The antifluoritelstructur? has a space
3 , 5 : Fluorite,crystal _ IR
from some other regions, the spectra either contain a wide band " of Fm3m(225) or O, for which L'y, = Fut
in the range of 280 to 380 cmh (probably corresponding to
NizSs) or resemble the spectrum of NiO. Such problems are
solved by using an in situ setup that enables Raman measure
ment of the sample in a controlled environment after hours of

exposure, ensuring the formation of the right phase desired frompresence of NE; is hard to judge without cooling below the

the phase diagrart. transition temperature to observe the more distinct heazlewoodite

According to the literature, N&, will go through a phase  sjgnal, but cooling the sample may not be desirable for some
change from the low-temperature rhombohedral structure (hea-jn situ measurements.

zlewoodite) to the high-temperature cubic structure at $65
5°C 111720 The Raman spectrum for the high-temperature cubic- Conclusions
phase NiS; has never been reported. In this study, the Raman
spectroscopy for NB, at elevated temperatures was also

investigated. The Raman spectra obtained near the phas
transition temperature for h%, are shown in Figure 5. At

86
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567 °C, +
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Intensity

558 °C, +

334

553 °C, +

F§g. Of these modes, only,fis a Raman-active modeyhich
matches the observation of a broad peak-820 cnT! as in
Figure 5. However, the broad nature of this peak makes the
use of the Raman spectrum as a fingerprint foeliat
temperatures greater than 565 5 °C less attractive; the

The Raman spectra for the low-temperature (heazlewoodite)
éahase and the high-temperature (cubic) phase s$8,Mave been
Characterized using ex situ and in situ Raman spectroscopy at
temperatures below563 °C, the Raman spectra were similar different temperatures in controlled atmospheres. The results
o those at room temperatijre (Figures 2 and 4), except mos were analyzed using factor group analysis and compared with

- ' tthe data in the literature. It was demonstrated that with in situ

peaks srgftedstg?z:clomr/]erF\;vavenumbekr. Orl%e(s tg%éeggfratuJeRaman, the difficulty of obtaining pure samples with the right
mcreasel g.’v ’ tde (?dma? _pes s at ’ d’ h ’ anh phase in the complex NiS system could be overcome and the
334 cm " disappeared suddenly; they reappeared when t espectra for nickel sulfides could be obtained with much higher
temperature was reduced 1556 °C. credibility.

According to JCPDS card No. 27-0341, the high-temperature
form of NisS, has a space group ¢¥43m(216) orTﬁ. That Acknowledgment. This work was supported by the U.S.
JCPDS card assigns the number of molecules per unit€ell ( DOE-NETL SECA Core Technology Program (Grant No. DE-
to 2. Since the number of lattice points per unit cell for a face- FC26-04NT42219) and DOE Office of Basic Energy Sciences,
centered cubic structure is 4, this would make the number of Catalysis Science Program (Grant No. DE-FG02-06ER15837).
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