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Jovana Zečević,[a] and Krijn P. de Jong*[a]

The attachment of colloidal iron-oxide nanoparticles (designat-

ed Fe-NPs) to pristine and surface-oxidized carbon nanotubes
(CNTs and CNT-Ox, respectively) was investigated. The loadings

of Fe-NPs (size 7 nm) on the CNT and CNT-Ox supports
amounted to 3.4 and 2.3 wt. %, respectively ; the difference was

attributed to weaker van der Waals interactions between the

colloidal Fe-NPs and the surface of CNT-Ox. Fischer–Tropsch to
olefins (FTO) synthesis was performed to investigate the

impact of support functionalization on catalyst performance.
Weak interactions between the Fe-NPs and the CNT-Ox sup-

port facilitated particle growth and led to substantial deactiva-
tion of the Fe/CNT-Ox catalysts. The addition of promoters

(Na + S) to Fe/CNT resulted in remarkable activity, selectivity to

lower olefins, and stability, making colloidal iron nanoparticles
on pristine CNTs a suitable catalyst for FTO synthesis.

Commonly applied catalyst synthesis methods, such as incipi-
ent wetness impregnation and precipitation, are often used to

obtain supported catalysts for industrial use.[1–3] Controlling the

size, composition, and shape of the metal (oxide) nanoparti-
cles, however, is limited with these methods. Colloidal synthe-

sis has been successfully applied to obtain well-defined model
catalysts suitable for fundamental studies.[4–6] For example,

Fischer–Tropsch to olefins (FTO) is one of the catalytic reac-
tions particularly sensitive to particle size, for which colloidal
model systems can be beneficial.[7, 8] FTO involves iron-based

catalysts and is becoming increasingly important as an alterna-
tive to the traditional cracking of crude oil fractions for the
production of lower olefins (C2–C4) and aromatics from syngas
(CO/H2).[9–13] In addition, colloidal particles have been shown to
be relatively stable and to have catalytic properties that are
comparable to those of conventional catalysts, making them

interesting model systems for fundamental studies on
FTO.[14, 15]

To increase the activity and selectivity of an FTO catalyst, the
addition of promoters is of vital importance, as unpromoted
iron catalysts usually show high selectivity towards meth-

ane.[16–19] By promoting iron particles with Na and S promoters,
low selectivity to methane and high selectivity to olefins can

be obtained.[16, 18] Moreover, colloidal particles can be promot-

ed by using organic ligand exchange, which specifically targets
the promoters on the catalytically active particles.[15, 20]

In FTO catalysis, choosing the support material is of impor-
tance as well, as strongly interacting supports, such as silica

and alumina, can incorporate iron, making reduction and car-
bidization to the active iron carbide phase difficult.[21–23] Never-

theless, there are many porous carbon materials that can be

used as catalyst supports such as activated carbon and graph-
itic and templated carbon.[24–26] Carbon nanotube (CNT) sup-

ports are of growing interest in research owing to their chemi-
cal inertness and mesoporosity.[27–29] More importantly, it was

found that functionalization of carbon supports suppressed
particle growth by the anchoring particles, thereby increasing

the stability of the impregnated catalysts.[30–34] The attachment

of colloidal particles to support materials has so far not been
researched abundantly; however, it has been found that the

support material can alter the behavior of the particles during
catalysis.[35–38]

In the present work, the impact of carbon surface oxidation
on the attachment of colloidal iron-oxide nanoparticles (Fe-
NPs) to CNTs and their subsequent promotion with Na + S was

investigated. It was found that functionalizing the CNT support
by oxidation (CNT-Ox) impeded attachment of the colloidal
particles and led to the growth of the nanoparticles, which de-
creased the catalytic activity. This showed that functionaliza-

tion of the support is not always beneficial and can have a det-
rimental effect if colloidal particles are used.

After the synthesis, the size and shape of the Fe-NPs were

investigated by transmission electron microscopy (TEM), which
showed that 7 nm spherical Fe-NPs with a narrow size distribu-

tion were obtained (Figure 1). Subsequently, the impact of oxi-
dation on the acidity and pore volume of the CNT supports

was investigated by N2 physisorption in combination with
acid–base titration (Table S1 in the Supporting Information).

CNT-Ox displayed significantly higher acidity, and the number

of acidic groups was found to be 1.7 nm@2, which indicated
successful oxidation. The Fe-NPs were then anchored to both

the CNT and CNT-Ox supports, which hereafter are named Fe/
CNT and Fe/CNT-Ox. After attachment of the Fe-NPs, sodium

and sulfur promoters were added by a ligand-exchange
method,[15, 20] and the particle size and distribution were stud-
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ied by TEM (Figures 2 and S1); these samples are hereafter re-

ferred to as FeP/CNT and FeP/CNT-Ox (P denoting the Na and
S promoters). The iron particles were found to be well distrib-

uted on the supports, with no indication of aggregation or
particle growth. In contrast to the Fe-NPs on the CNT support,

the particles on CNT-Ox were less abundant (Figure 2 b, d),
which implied a weaker interaction between CNT-Ox and the

nanoparticles. This was also inferred from particle growth ob-

served during TEM imaging, as this sample had a broader par-
ticle-size distribution than the other three samples (Figure S1).

By X-ray diffraction (XRD) analysis (Figure S2) it was observed
that all catalysts contained mixed g-Fe2O3 and Fe3O4 phases,

which is in agreement with our previous findings.[14] Further-
more, inductively coupled plasma atomic emission spectrosco-

py (ICP-AES) (Table 2) showed that the Fe loading in both the
Fe/CNT and FeP/CNT samples was 3.4 wt. %, whereas signifi-

cantly lower Fe loadings of 2.3 and 2.0 wt. % were detected in
Fe/CNT-Ox and FeP/CNT-Ox, respectively. This is in agreement

with the TEM results in Figure 2, which reveals a lower number

of iron particles attached to the CNT-Ox support, indicating
weaker attachment.

The difference in Fe loadings observed by TEM and ICP-AES
is tentatively ascribed to different interactions between the Fe-

NPs and the supports. This interaction difference is linked to
van der Waals forces between the particles and the support
that relate to the Hamaker constants, which is larger for the

graphitic CNT support than for the graphene-oxide-like CNT-Ox
support.[39, 40] Additionally, the apparent particle growth during

TEM imaging, shown in the histograms in Figure S1, of the Fe-
NPs in FeP/CNT-Ox compared to that of the Fe-NPs in Fe/CNT-

Ox is explained by particle growth induced by the electron
beam as a result of this weaker interaction. Once the ligands

are exchanged with smaller Na2S molecules, the Fe-NP surface

can more directly interact with CNT-Ox, and thus, FeP/CNT-Ox
is more stable during electron microscopy measurements.

ICP confirmed that ligand exchange was successful, as both
promoted catalysts exhibited an increase in Na and S (Table 1).

The Na/S atomic ratio in FeP/CNT was 2, equal to the Na2S pre-
cursor, but the amount of sodium was much higher in the
FeP/CNT-Ox catalyst than in the FeP/CNT catalyst. This can be

attributed to ion exchange of the Na ions with the surface
acidic groups present on CNT-Ox, which suggests that most of

the Na ions are present on the support. To verify this hypothe-
sis, we exposed both the CNT and CNT-Ox supports to the

same amount of the S and Na promoters used for catalyst

preparation. As expected, the amount of sodium was signifi-
cantly higher in the CNT-Ox support than in the pristine CNT

support (Table 1).
The impact of the observed interactions between the iron

particles and promoters with the support on catalyst activity,
selectivity, and stability for FTO was studied. As known from

Figure 1. TEM image of well-dispersed 7 nm iron-oxide colloidal nanocrystals
sterically stabilized by oleic acid and oleylamine ligands. The inset histogram
shows the narrow size distribution.

Figure 2. TEM images of the fresh a) Fe/CNT, b) Fe/CNT-Ox, c) FeP/CNT, and
d) FeP/CNT-Ox catalysts.

Table 1. Iron, sodium, and sulfur weight loading on the different sup-
ports measured by ICP-AES.[a]

Support material Fe Na S Atomic ratio
[wt. %] [wt. %] [wt. %] Na/S

Fe/CNT 3.4 0.04 <DL
FeP/CNT 3.4 0.16 0.06 2
Fe/CNT-Ox 2.3 0.05 <DL
FeP/CNT-Ox 2.0 0.73 0.08 12
CNT <DL 0.07 0.04
CNT-Ox <DL 1.11 0.07

[a] After correcting for blank CNTs with an average amount of 0.06 wt %
Na and 0 wt % S; DL = detection limit.
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previous literature, adding Na + S promoters decreases the hy-
drogen coverage on the iron surface and thereby the selectivi-

ty to methane.[41, 42] As expected, the promoted catalysts
showed higher iron time yield (FTY) than the unpromoted cat-

alysts (Figure 3), as well as a decrease in the selectivity to CH4

and an increase in the selectivity to C2@C4 olefins (Table 2).

However, after 100 h on stream, FeP/CNT-Ox displayed lower
iron-normalized activity than FeP/CNT, most possibly due to

particle growth during catalysis. Moreover, Fe/CNT-Ox showed

no activity after the first 20 h, which led to results that con-
trasted those in the literature. Although the literature points to

the beneficial effect of functionalized groups on CNTs for im-
pregnated iron catalysts,[30] it is clear that if colloidal Fe-NPs are

used that the effect is adverse. The spent catalysts were ana-
lyzed by TEM, as shown in Figure 4. Owing to conversion of

the Fe-NPs into the active carbide phase, core–shell particles

had formed and were observed in all catalysts, albeit mostly in
the promoted ones.[17] From quantitative analysis of the TEM

images, it appears that 35 % of such core–shell particles were
present in Fe/CNT, whereas Fe/CNT-Ox had 75 %. This nicely

matched the Mçssbauer spectroscopy results (Tables S2 and
Figure S3) that the same amount of Fe-NPs was converted into

the e-Fe2.2C and c-Fe5C2 phases, which are considered active in
FTO.[43] Interestingly, it was observed that only the core–shell

particles had grown, which suggested that carbidization coin-
cided with particle growth. Even though Fe/CNT-Ox was inac-

tive after only 20 h on stream, this catalyst seemed to have

more activated particles than Fe/CNT. Further investigations
will be necessary to explain the cause for such low inactivity.

Both promoted catalysts were fully carbidized, as indicated
by Mçssbauer, which matched the TEM results showing 100 %

core–shell particles. More importantly, CNT-Ox supported cata-
lysts showed noticeable particle growth (Figures 4 b and

S4 b, d), most probably as a consequence of the weaker attach-

ment of the Fe-NPs to the oxidic surface, which led to sintering
during the FTO reaction. These results are comparable to previ-

ous results from our group for impregnated catalysts on an or-
dered mesoporous carbon support, for which poor catalytic ac-
tivity was attributed to growth and encapsulation of the parti-
cles by carbon.[34] Finally, these findings indicate that attaching

colloidal particles to an oxidized carbon nanotube support re-
sulted in deactivation during the catalytic reaction owing to
the poor interaction of the Fe-NPs with the surface.

In conclusion, colloidal iron-oxide nanoparticles (Fe-NPs)
were attached to two supports, namely, pristine carbon nano-

tubes (CNTs) and oxidized CNTs (CNT-Ox), to investigate the
impact of the attachment and the addition of a promoter on

catalyst activity, selectivity, and stability for Fischer–Tropsch to

olefins (FTO) catalysis. It was found that the oxidation of the
support led to a lower weight loading of the Fe-NPs because

of a weaker interaction between the CNT-Ox support and the
particles. The addition of Na + S promoters resulted in a highly

active catalyst for pristine CNTs, whereas particle growth im-
peded FeP/CNT-Ox activity. We hypothesized that the lower ac-

Figure 3. Iron-time yields (FTYs) for CNT-supported iron catalysts : Fe/CNT
(&), FeP/CNT (&), Fe/CNT-Ox (*), and FeP/CNT-Ox (*).

Table 2. Catalytic activity and selectivity of pristine and oxidized support
materials for the FTO reaction.[a]

Support FTY Selectivity [% C]
material [10@4 mol gFe

@1 s@1] CH4 C2–C4 olefins C5 + CO2

Fe/CNT 3.5 40 26 10 28
Fe/CNT-Ox 0.5 N.D. N.D. N.D. N.D.
FeP/CNT 6.0 11 48 34 38
FeP/CNT-Ox 4.5 8 51 37 38

[a] Reaction conditions: 10 bar (1 bar = 0.1 MPa, 340 8C, H2/CO = 2, time
on stream = 100 h. The FTY of the promoted samples clearly show an in-
crease as a result of the Na + S promoters, as well a decrease in the selec-
tivity to methane and an increase in the selectivity to lower olefins and
C5 + . The CH4, C2–C4 olefins, and C5 + selectivities are given with CO2 ex-
cluded. N.D. = not determined.

Figure 4. TEM images of the spent a) Fe/CNT, b) Fe/CNT-Ox, c) FeP/CNT, and
d) FeP/CNT-Ox catalysts.
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tivity of the CNT-Ox supported catalysts was due to insufficient
attachment of the Fe-NPs to the support, which caused parti-

cle growth under the FTO conditions. Finally, it was concluded
that colloidal Fe-NPs interacted differently on the surface-oxi-

dized carbon supports than on the nonoxidized supports as a
result of different van der Waals forces and that this can have

a big impact on catalyst performance.

Experimental Section

Details of the fabrication of the iron-oxide nanoparticles, the at-
tachment of the Fe-NPs to the CNTs, oxidation of the CNT support
by liquid-phase oxidation, and the addition of the Na2S promoter
by ligand exchange can be found in articles previously published
by our group.[14, 15, 27] Synthesis methods and characterization can
be found in the Supporting Information.
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