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Due to the reducible nature of TiO2, the encapsulation of cobalt nanoparticles (CoNPs) by reduced TiO2-x

is often reported to decrease their catalytic performance in reactions such as Fisher-Tropsch synthesis
(FTS). Here, we show using HAADF-STEM imaging and electron energy loss spectroscopy (EELS) that a
residual C12E4 surfactant used to prepare the CoNPs, remains on the surface of a TiO2 rutile support, pre-
venting the formation of Ti3+/Ti2+ oxides and therefore TiO2-x migration. Furthermore, the presence of
these surfactant residues prevents the coalescence and aggregation of CoNPs during catalyst preparation,
maintaining the dispersion of CoNPs. As such, using C12E4 in the preparation of Co/TiO2 can be considered
beneficial for producing a catalyst with a greater number of active Co species.

� 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

A support, when used in heterogenous catalysis, is there pri-
marily as a delivery medium of the active component often in
the form of atoms, clusters or nanoparticles. More importantly,
the interaction between the two can be optimised to improve dis-
persion, stability, tunability of the active component and even in
some cases play a critical role in the catalytic process. The supports
typically comprise both oxides (e.g. SiO2, TiO2, Al2O3, CeO2, and
zeolite) [1–3] and carbides (e.g. carbon and SiC) [4,5]. Among
those, TiO2-supported, cobalt nanoparticles (CoNPs) are widely
reported in literature. [1,6,7,8,9,10,11] However, there is a big chal-
lenge to produce a Co/TiO2 catalyst with desired performances
since CoNPs often end-up encapsulated by reduced amorphous
TiO2-x. [8,9,10,11] This problem leads to the blockage of the active
surface and is therefore inimical to the catalyst activity [8,10].
Encapsulation shows a dependency with TiO2 polymorph [12–
14], with anatase, typically possessing a high concentration of
defects, being more susceptible to this phenomenon than rutile
[12,14]. An additional problem concerns the formation of metal-
support compounds such as the non-reducible cobalt titanate,
[15–17] leading to a loss of the active metallic cobalt for reactions.
The mobility of Co and, in particular, the spreading of cobalt on the
titania surface [18–20] exacerbates the formation of such titanate
compounds. Fortunately, even this titanate formation can be miti-
gated against by the addition of small amounts of noble metals
[21]. However, Melaet et al. [11] reported that cobalt oxide (CoOx)
can form a unique interface with TiO2, which was more active than
metallic Co/TiO2 for Fisher-Tropsch synthesis and CO2 hydrogena-
tion. The above precis suggests that there is value in expending
time and effort to mitigate encapsulation by TiO2-x to develop bet-
ter performing catalysts. Approaches for mitigating encapsulation
include the application of a post-treatment reduction–oxidation-r
eduction (ROR) cycle to break and disperse the amorphous TiO2-x

layer [10]. An alternative strategy would be to inhibit the forma-
tion of TiO2-x in the catalyst in the first place. Indeed, Hong, et al.
[22] recently reported a novel approach applying a carbon nitride
(C3N4) coating onto TiO2 before adding the CoNPs, which subse-
quently showed improved FTS stability by stopping both CoNP
agglomeration and encapsulation. A similar approach was adopted
by Phaahlamohlaka, et al., but this time using mesoporous silica to
obtain the sintering-resistant Co catalysts, although they did not
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report whether the silica coating also inhibited the formation of a
TiO2-x layer [23].

The size of nanoparticles is another important parameter in cat-
alytic research. For example, for FTS activity a typical critical size of
CoNPs is determined to be 5–10 nm, [24–27] although no depen-
dency on CoNP size is shown when the critical size is exceeded
(i.e. > 10 nm) while below this, the activity shows a linear relation-
ship with CoNP size. The size effects also affect the product selec-
tivity [24,28,29] and nanoparticle stability [30,31]. The reasons for
these nanoparticle size effects are not clear, but could be related to
the size-dependent active sites contain more uncoordinated atoms
but less B5 active sites in small NPs lead to adsorbates that are
harder to remove [25,26,32]. In order to control the size of CoNPs
(5–10 nm), various methods have been successfully employed,
including for example, pre-synthesizing size-controllable NPs
using reverse micelles [33–35], thermal decomposition [36], using
organic solvents in place of water during impregnation [26,37], and
modification of the support surface [38].

Here we report an alternative synthetic approach to mitigate
CoNP aggregation and encapsulation, using a C12E4 surfactant.
We demonstrate the impact of the C12E4 surfactant by preparing
two similar catalysts, differing only in the point at which removal
of the surfactant occurs; the early removal of the surfactant leading
to aggregation of the CoNPs during preparation. We note that a
similar ‘protective surfactant’ strategy has been successfully
employed to prepare other types of catalysts, including a
sintering-resistant Au/TiO2 catalyst for CO oxidation [39,40]. In
that work, the authors observed that a polydopamine / oleylamine
layer stops Au migration, preventing sintering via Ostwald ripen-
ing during calcination due to the formation of a strong metal-
support interaction, with thermal decomposition of the surfactant
leading to the formation of a protective carbon layer. Although this
carbon layer can be removed by calcination, the strong interaction
between Au and TiO2 is maintained, ensuring a high Au dispersion
which allows for optimal CO oxidation. A di-block poly(styrene)-
block-poly(2-vinylpyridine) polymer is also widely reported to
obtain uniform nanoparticle size although it is very expensive
[41–43]. Due to the repulsion of ploy-styrene block in a reverse
micelle, the nanoparticles can be individually maintained before
and after depositing on a support. In contrast, our work here
focused on the effect of surfactant on aggregation of CoNPs before
calcination, reducibility of CoNPs and TiO2 support during reduc-
tion, as well as improvement in CO reduction reaction without
the formation of a carbon layer. The complex-like C12E4 derivatives
formed during preparation coat the surface of size-controllable
CoNPs and the titania support, which has a shielding effect that
protects TiO2 from being reduced and decorating the CoNPs. Even
though the reducibility of the catalyst is lower, CO reduction is sig-
nificantly enhanced.
2. Results and discussion

2.1. Identifying surfactant residues and determining their effect on the
properties of the supported cobalt nanoparticles

Two types of catalysts were prepared using reverse micelle
encapsulation. The first type of catalyst, labelled 5–15 %Co, con-
tains 5–15 % wt. Co on TiO2 deposited via inverse micelles and sub-
sequently treated with acetone to break the micelles and remove
surfactant. In the second type, 5–15 %Co@C12E4, since no acetone
wash was performed, the micelle remains intact. The textural
properties of calcined samples are found in Table S1, where a sig-
nificant lower surface area is seen in 15 %Co due to the blockage by
large amounts of surfactant residues.
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Calcination at 473 K in air of both samples should see the
decomposition of the Co(OH)2 precipitate to form Co3O4 [33,44].
However, possibly due to the low temperature used for calcination,
decomposition is incomplete (Fig. 1a) with both Co(OH)2 and
Co3O4 observed to be present [45]. The sample was then subjected
to reduction for 3 h at 623 K in 50 % H2/He which saw the reduction
of Co(OH)2 and Co3O4 to Co fcc (Fig. 1b). Fig. 2 shows the Fourier
Transform Infrared Spectra (FTIR) of the heat-treated catalysts. In
the calcined samples, there are bands present at 1120, 1724
and � 2900 cm�1 due to CAO, C@O and CH2/CH3 stretching modes,
which are suggestive of the formation of the polymer-like species
formed via ester polymerisation in the unwashed catalysts (5–
15 %Co@C12E4). Two bands can be assigned to C@O (1724 cm�1)
and COO– (1590 cm�1), respectively, and are more intense in the
15 %Co@C12E4 than in the 5 %Co@C12E4 sample [46]. Koizumi,
et al. observed the same functional group formation from various
glycol-containing compounds and proposed the formation of
polymer-like complex species via ester polymerization during cal-
cination at 400 K [46]. Hence, similar polymeric species are consid-
ered to be present in these samples after calcination or heating in
H2. The presence of IR bands due to C@O, suggests that cross-
linking has taken place to produce a polymer in addition to some
residual surfactant; the presence of residual micelle can be seen
particularly in the parts of the spectra where the CAO/CH stretches
occur. Unsurprisingly, the unwashed catalysts, particularly the
15 %Co@C12E4, contain a large quantity of surfactant residues
(�50 %, estimated from the TGA data shown in Fig. S2a). Note also
the presence of a sharp band at 1384 cm�1 in the 5–15 %Co cata-
lysts due to residual nitrate [47]. It is thought that this nitrate
remains encapsulated into the CoNPs in the washed catalysts and
cannot be fully decomposed using the mild calcination conditions
employed.

Fig. 3 & Figure S2 shows Thermal Gravimetric Analysis (TGA)
data containing mass loss profiles for samples 5–15 %Co@C12E4
and 5–15 %Co after calcination and after reduction for 3 h at
623 K in 50 % H2/He. The weight loss occurring in all samples
before 400 K is due to the loss of adsorbed water. For the calcined
samples, the first derivative peaks after 600 K can be attributed to
the decomposition of remaining C12E4 derivatives (Fig. 3b & S2b)
whereas the weight losses after 1000 K comprise contributions
derived from the reduction of cobalt oxide (i.e. Co3O4 ? CoO).
These TGA data also confirm therefore that residual C12E4 surfac-
tant breaks down to yield polymeric compounds during calcina-
tion. For example, in Fig. 3b, the mass loss finished at � 642 K in
pure C12E4 and in the physical mixture of rutile + C12E4, whilst in
the calcined rutile + C12E4 mixture or 5–15 %Co@C12E4 samples,
the mass loss continues beyond this temperature [46].

In contrast, for the samples that had undergone the reduction
treatment the weight loss is minimal, indicating that only a very
small amount of the surfactant remained on the sample. We esti-
mate that � 95 wt% of the surfactant is removed after reduction
for the 5 %Co@C12E4 sample (see Fig. 3a). This is also confirmed
from analysis of the mass spectrometry (MS) traces in Figure S3,
which show that significant mass loss of hydrocarbon species
occurs between 50 and 100 min during the reduction treatment.

We propose that in samples that have not been subjected to
reduction at elevated temperatures, the deposits remaining on
the 5–15 %Co@C12E4 surface would present some barrier between
H2 and the Co species preventing sample reduction (vide infra).
Acetone washing however, removes the C12E4 compound in the
sample (only � 1 % remains in the fresh 5 %Co sample, according
to Fig. 3a) enabling more facile cobalt oxide reduction. Increasing
Co loading (15 %Co) leads to residual surfactant encapsulation in
the aggregated CoNPs and is proposed to be the cause of the strong
derivative peak at 513 and 701 K in Figure S2b; the first peak is
thought to be the decomposition of residual a-Co(OH)2 (in addi-



Fig. 1. XRD patterns of 5–15 %Co@C12E4 and 5–15 %Co catalyst before (a) and after (b) reduction at 623 K in 50 % H2/He for 3 h. Note that for the samples where the micelle
was removed before calcination (a) Co(OH)2 and Co3O4 is detected whereas after reduction (b) the Co-fcc phase is observed.

Fig. 2. Reference FTIR spectra for the components used to prepare the catalysts,
plus those obtained from samples 5–15 %Co@C12E4 and 5–15 %Co after calcination
and reduction. The unique absorption band at 1724 cm�1 for 473 K calcined
catalysts demonstrates the formation of complex-like C12E4 derivatives. Reduction
in H2 at 623 K for 3 h removes these compounds. Note, the band at 1384 cm�1

disappears in 5 %Co after reduction, indicating decomposition of residual nitrate
salt. For the reduced samples, the absorption at � 2900 and 1120 cm�1 is mainly
attributed to residual ethanol, which is used for isolation of reduced cobalt from air.
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tion to decomposition of residual nitrate salt – see the MS response
at m/z 28 & 46 after � 30 min in Figure S3f), while the second peak
at 701 K is attributable to removal of the residual surfactant.

It is assumed that the initial CoNP size in all samples is broadly
similar, since the same one-pot cobalt-micelle solution was used to
prepare them. On close inspection of Fig. 4, the mean CoNP size in
5 %Co (10 nm) and 15 %Co (13 nm) is a little larger than that seen
for the 5 %Co@C12E4 (8 nm) and 15 %Co@C12E4 (9 nm). We attribute
the greater particle size seen in the former samples due to the
addition of acetone which can break the micelles leading to move-
ment of the Co species and partial aggregation of the CoNPs (Fig-
ure S4b). Interestingly, where a Scherrer analysis can be
performed on the data shown earlier in Fig. 1b, there is a good cor-
relation with the mean particle size as determined from the Trans-
mission Electron Microscopy (TEM) images (�17 nm of metal
CoNPs for 15 %Co, � 11 nm for 5 %Co, � 10 nm for 15 %Co@C12E4,
60
� 9 nm for 5 %Co@C12E4). Furthermore, there is consistency in the
observation that for samples 5–15 %Co the reflections appear nar-
rower and indicative of larger crystallites (Fig. 1) compared to sam-
ples 5–15 %Co@C12E4.

The reducibility of the cobalt species and the samples in general
was determined using H2-TPR (in 10 % H2/N2) and shown in Fig. 5a.
In the 5 %Co, there are two groups of H2 consumption peaks before
and after 700 K, corresponding to the reduction of Co3O4 and Co
(OH)2 to Co0 and CoTiO3 to Co0, respectively [15,48,49,50]. Increas-
ing cobalt loading to 15 wt% (15 %Co), sees significant differences
in the reduction behaviour. Firstly, there is a small but unique
double-peak before 560 K (�9 % relative to all the H2-TPR peak
area), which is equivalent to the TPR profile of unsupported CoNPs
(Co3O4),[51,52] indicating the presence of aggregated CoNPs in this
sample that are not strongly interacting with the TiO2 support (see
Fig. 5a insert). Additionally, a small bump (see *) just below 500 K
in 5 %Co is seen and may be due to the aggregated NPs, but it con-
tributes less to the signal (�5 % of signal intensity). The main con-
sumption of H2 for the 15 %Co sample in Fig. 5a comprises
overlapping responses, corresponding to the delayed reduction of
Co3O4 + Co(OH)2 ? Co0. [49,50] CoTiO3 formation and reduction
to Co0 is minimal in this sample based on the negligible H2 con-
sumption over 800 K, which indicates a weak interaction between
cobalt and titania [53]. In contrast, the 5–15 %Co@C12E4 samples
are difficult to reduce with only minor H2 consumption observed
at temperatures below 673 K and only two major peaks (corre-
sponding to Co3O4/Co(OH)2 and CoTiO3 reduction to Co0) present
in those samples above this temperature. This can be attributed
to the effect of covering of the Co nanoparticles by the surfactant
and/or the smaller NP size in the samples. Initially, the reduction
of 5 %Co@C12E4x seems easier than the 15 %Co@C12E4 (see the high
proportion of the H2 consumption before 623 K in Fig. 5a,
namely� 8.2 % for 5 %Co@C12E4 while only � 2.2 % for 15 %Co@C12-
E4). This could be due to the higher weight of surfactant coverage
in 15 %Co@C12E4 (see Figure S2) and indeed support for this pro-
posal can be seen in the form of the negative TCD response at
715 K that is thought to be due to the decomposition of the surfac-
tant [54]. However, the second peak in 5 %Co@C12E4 centred at
845 K is higher than the peak seen in 15 %Co (810 K). It is proposed
that a higher proportion of CoNPs in the 5 %Co@C12E4 sample are in
contact with the titania surface than for the 15 %Co@C12E4 sample.
This would then lead to more cobalt titanate (CoTiO3) species,
which are known to be more difficult to reduce than the cobalt oxi-
des [15,48].



Fig. 3. TGA (a) and the corresponding first derivative (b) profiles of 5%Co@C12E4 and 5%Co catalysts with and without reduction.

Fig. 4. TEM images and corresponding histograms of nanoparticle size distributions for 5–15 wt% Co loaded catalysts after reduction at 623 K in 50 % H2/He for 3 h. The
observed number of individual NPs is lower in the 5–15 %Co than in the 5–15 %Co@C12E4 catalysts, although the initial Co loading was the same.
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The Degree of Reduction (DOR) of the samples is calculated
based on their isothermal H2-TPR (Fig. 5b). After 3 h at 623 K in
10 % H2/N2, the DOR values are: 45.7 % for 5 %Co@C12E4, 69.1 %
for 5 %Co, 55.4 % for 15 %Co@C12E4 and 85.2 % for 15 %Co respec-
tively. A slower decrease in H2 consumption is observed for the
61
5–15 %Co@C12E4 samples during the isothermal period (at 623 K,
particularly a jump centred at 90 min in 15 %Co@C12E4 in
Fig. 5b), while H2 consumption decays rapidly in the 5–15 %Co
samples (e.g. TCD response from 38 to 0 within 45 min for 15 %
Co, Fig. 5b). Hence the reduction process occurs to a significant



Fig. 5. H2-TPR using a ramp rate of 10 K/min (a) and isothermal-H2-TPR at 623 K for 3 h (b) profiles for cobalt catalysts heated in 10 % H2/N2 (50 mL/min).
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extent during isothermal treatment for the 5–15 %Co@C12E4 cata-
lysts, while it is negligible for the acetone-washed ones. As men-
tioned before, residual surfactant can be almost completely
decomposed and removed after the 3 h reduction process, so the
dominant factor affecting the DOR for 5–15 %Co@C12E4 would be
the coverage of surfactant residue in the early stages of reduction
(<1 h, including ramping) and the cobalt-titania interaction in
the latter stages (after 1 h reduction). In contrast, for 5–15 %Co,
the lack of surfactant residues renders the cobalt-titania interac-
tion more noticeable.
2.2. Visualising the Cobalt-Rutile interface

HAADF-STEM images for the samples 5 %Co@C12E4 and 5 %Co
after reduction for 3 h at 623 K are shown in Fig. 6 a and b, and cor-
responding Electron Energy Loss Spectra (EELS) are shown in Fig. 6
c and d. The combined STEM/EELS is an insightful technique that
allows us to obtain chemical and structural information with high
(nm) spatial resolution [55]. From the STEM images, a single CoNP
bound to the titania support is clearly observed and from this we
can define sub-regions (red squares), labelled respectively from 1
to 8 in Fig. 6 a and b, from where EELS spectra were recorded in
order to determine the local Ti and Co species. Only Ti4+ is detected
in the 5 %Co@C12E4 sample in region 1 (Fig. 6a) which comprises
the TiO2 support, while in the corresponding 5 %Co sample, Ti3+

is the main component (see Table S2a for details of the Linear Com-
bination Fitting (LCF)) in region 1 of Fig. 6b. Note the nature of the
TiO2 environment (crystalline or non-crystalline) cannot simply be
concluded from the visibility of lattice planes in Fig. 6a, b, as this is
mainly caused by the orientation of the crystalline domains to the
electron beam. Interestingly, both Ti3+ and Ti2+ are detected at the
cobalt-titania interface in both samples (region 2 and Table S2a),
although in the 5 %Co@C12E4 sample Ti4+ is present in minor
amounts (�11 % Table S2a) at this interface. This localised reduc-
tion can be explained as an effect of the metallic cobalt promoting
TiO2 reduction to Ti2O3 or even to TiO via a H2 spillover effect [56].
The more reduced TiO2 in 5 %Co is also evidenced by a respective
blue-shift of the Co 2p and red-shift of Ti 2p peaks in the XPS spec-
tra shown in Figure S7.

Similarly, from the EELS spectra in Fig. 6d for the cobalt compo-
nent, differences in composition can be observed, as determined
from LCF analysis (with the results shown in Table S2b). As deter-
mined from the above TPR data, less metallic cobalt is determined
to be present in the 5 %Co@C12E4 (�40 %) than in 5 %Co (�60 %).
More specifically, regions 2 & 3 in the NP shown in Fig. 6 a & b con-
tain 67 vs 89 and 9 vs 74 % metallic cobalt (Table S2b). The lower
quantity of metallic cobalt in region 3 of 5 %Co@C12E4 is likely due
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to surface oxidation during passivation (a flatter NP with a similar
CoOx layer is observed in Fig. 6b) while the low metal content at
the interface (region 2) could be due to the strong interaction with
TiO2. The NPs featured in the two samples and depicted in Fig. 6 a &
b are similar in width (�13 nm) and height (5–7 nm) and therefore
under normal circumstances the DOR for both NPs would be
expected to be similar. The fact that they are not, can be ascribed
to the effect of the residual C12E4 surfactant (see Fig. 3). It not only
suppresses cobalt oxide reduction but also inhibits H2 spillover
from cobalt to titania and therefore leads to a lower degree of
TiO2 reduction.

EELS spectra in several other regions of Fig. 6 a, b were also
acquired and analysed. In regions 6 and 7 of Fig. 6a and regions
3–5 and 7 of Fig. 6b, Ti3+/Ti2+ species are also detected (Figure S5)
although the spectra are noisy. However, no Ti species are seen in
regions 3–5 of Fig. 6a and region 6 of Fig. 6b. Analysis of the ele-
mental maps (Fig. 6 a1-a3 and b1-b3) also reveals no Ti on the sur-
face of the CoNP. These observations contrast with findings in the
literature where it has been reported that reduced TiO2-x often
forms a layer several nanometres thick to fully cover metal NPs
[57–59]. Here, Ti3+/Ti2+ migration leads to decoration of the periph-
ery of NPs at the interface with the support in both samples. This
difference could be in part due to the use of the more stable rutile
polymorph as opposed to the more common P25 or anatase [12]. It
is clear that the decoration of Ti3+ in 5 %Co occurs to a greater
extent than in 5 %Co@C12E4 with a high degree of TiO2 reduction
to Ti2O3/TiO confirmed in Fig. 6c and Table S2a.

A further examination of the cobalt-titania interaction in the
two samples (but from different regions to Fig. 6) was also per-
formed via analysis of the Fast Fourier Transform (FFT) patterns
extracted from HAADF-STEM images (Fig. 7). The support of 5 %
Co@C12E4 (region 4 in Fig. 7a) displays a rutile TiO2 structure (d-
spacing 1.7 Å / {211} planes) and again the FFT patterns show no
evidence of (crystalline) TiO2-x on the CoNPs (regions 1 � 3, 5);
note however that in Fig. 6a, Ti3+/Ti2+ species are seen at the
periphery of the NPs (see EELS spectra in region 6, 7, Figure S5a).
However, for 5 %Co in Fig. 7b a corundum Ti2O3 structure (region
4 in Fig. 7b) is determined from the FFT patterns (d-spacing 2.7 Å
/ {10–14}, 2.2 Å / {2–1-13}). Note that Ti2O3 is seen at the periphery
of the CoNP in Fig. 7b, while it is not detected in similar profiled
regions (2 & 5) of Fig. 7a for the 5 %Co@C12E4 sample. Further evi-
dence of Ti2O3 migration to the surface of CoNPs can be seen from
the FFT patterns (region 2 of Fig. 7b). The crystal phases of cobalt
present in both samples are determined to be either cobalt oxide
or metallic cobalt, although the latter is present in lower quantities
in 5 %Co@C12E4 (Fig. 7a) than 5 %Co (Fig. 7b). This is in line with the
linear combination fitting results of EELS cobalt spectra in



Fig. 6. (a, b) HAADF-STEM images and EELS elemental maps (a1-a3; b1-b3) of the reduced catalysts (3 h, 623 K) with corresponding single point L-edge EELS spectra shown
for Ti (c) and Co (d) respectively. The reduced catalysts were passivated with 1 % O2/He at 303 K for 30 min, hence the presence of a CoOx layer on the CoNPs.
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Table S2b and DOR values from TPR in Fig. 5, and partially due to
the NPs being more highly dispersed. The presence of more
reduced Co in 5 %Co sample also suggests the TiO2-x layer to be
crystalline, which can inhibit gas diffusion [58,60] and protect
the reduced cobalt from oxidation during passivation. In contrast,
the TiO2-x in 5 %Co@C12E4 is amorphous and permeable, allowing
the contact between gas molecules and NPs and which we propose
allows for oxidation of NPs during passivation [58,60]. We propose
that the presence of highly dispersed cobalt and low prevalence of
Ti3+/Ti2+ in 5 %Co@C12E4 are both attributable to the effects of sur-
factant residues present after calcination.

2.3. Rationalising the differences in CO conversion

A summary of the CO reduction performance of the two types of
catalyst under ambient conditions (493 K, H2/CO = 2, 1 bar) are
given in Table S3; note the low conversions obtained allow us com-
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pare the catalytic performance. As can be seen in the table,
although the CO conversions drop with time, it is clear that the
Cobalt Time Yield/Turnover Frequenceis (CTY/TOFs) in 5 %Co@C12-
E4 are observed to be � 4 times higher than in 5 %Co throughout
the reaction. A tripling of the cobalt loading to 15 wt% leads to a
narrowing of the activity gap (the 15 %Co@C12E4 CTY/TOFs are
only � 2 times greater than the 15 %Co sample). When comparing
the effects of reduction time, it is noteworthy that the 5 %Co@C12E4
samples show improved CTY/TOFs with increased reduction time
whereas the 5 %Co samples exhibited a worsening in performance.
Based on these data it is possible to identify the differences in per-
formance to be due to the amount of active component (i.e. DOR),
CoNP size and morphology, etc. The DOR value reflects the amount
of metallic cobalt (fcc) present; the component which is considered
active and responsible for CO conversion (i.e. 5–15 %Co@C12E4
samples < 55 % vs 5–15 %Co samples > 69 % reduction). We note
however, that in Co/TiO2 catalysts it has been reported that the



Fig. 7. HAADF-STEM images of the reduced catalysts and their corresponding fast Fourier transform patterns in marked regions for (a) 5 %Co@C12E4-red and (b) 5 %Co-red.
The reduced catalysts were passivated with 303 K 1 % O2/He for 30 min before being imaged. In (a) Co3O4 is present in regions 1, 3, 5; whilst TiO2 is the sole component in
region 4, whilst region 2 contains a mixture of these oxides. In (b) Co0 is seen in region 1; Ti2O3 in region 4, and mixture of Co0, CoO/Co3O4 and Ti2O3 in regions 2 and 3. Note
changes in the Co or TiO2 lattice-spacing caused by the metal-support interaction were not detected. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

C. Qiu, Y. Odarchenko, I. Lezcano-Gonzalez et al. Journal of Catalysis 419 (2023) 58–67
interface between the Co NPs and TiO2 is more active, than the Co
NPs themselves [11]. We propose therefore that the 5–15 %
Co@C12E4 catalysts possesses a larger CoOx-TiO2 interface than
the 5–15 %Co samples and hence are both more difficult to reduce
whilst being more active [11]. When considering the effect of CoNP
size in isolation, the larger crystallite sizes (10 and 13 nm respec-
tively) observed in 5–15 %Co catalysts indicate that the active sur-
face area for CO conversion should be lower in these samples than
those seen in 5–15 %Co@C12E4 (8–9 nm). Note that differences in
intrinsic CO reduction activity should be ignored, as the average
NP size is above the critical size range (5–10 nm) reported in liter-
ature [24,26]. Another principal cause for lower performance in our
TiO2 supported catalysts is due to a manifestation of the strong
metal support interaction (SMSI) effect leading to Co NP decoration
with Ti3+/Ti2+ species [61,62]. According to the HAADF-STEM
images shown in Fig. 7, the sub-oxides TiO2-x observed on 5 %Co
are crystalline and likely impermeable, blocking the contact
between syngas and NPs. The presence of C12E4 derivatives (poly-
mers) on the 5–15 %Co@C12E4 catalysts appears to prevent TiO2

from being reduced to TiO2-x and migrating onto the CoNPs,
thereby leaving a clean and open surface for CO reduction; this
according to TGA which suggested reduction removes all C12E4
and their derivatives. Therefore, these data indicate that
surfactant-coated catalysts can exhibit better CO reduction perfor-
mance. Indeed, from Table S3, the surfactant coated 5–15 %
Co@C12E4 catalysts exhibit a greater TOF during an ambient pres-
sure CO reduction test. This indicates a combination of smaller
NP size, lower degree of CoNP aggregation and extent of Ti3+/Ti2+

coverage accounts for the differences in performance in surfactant
coated 5–15 %Co@C12E4 samples.
3. Summary and conclusion

The purpose of this work is to demonstrate how residual C12E4
surfactant used in catalyst preparation can prevent both CoNP
aggregation during preparation and TiO2 reduction and migration
during pre-reduction treatment. Although coverage by TiO2-x

species of the CoNPs occurs to some extent in both samples, for
5–15 %Co@C12E4 the TiO2-x that forms is determined to be
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amorphous, permeable and does not cover the NPs so such an
extent; thus it can be considered as decoration to the Co NPs [8].
In contrast, the TiO2-x present on the samples where the surfactant
was removed before heating, excessive coverage of the Co NPs was
observed, by crystalline and impermeable Ti2O3 (See Scheme 1).
We note that this phase has not been previously identified. This
suggests that there is scope to optimise the interaction between
the Co NPs and TiO2 although there is also a risk that too much
TiO2 migration can be problematic even for the rutile polymorph.
Critically, it is the surfactant residue that remains after initial ther-
mal treatment that mitigates the titania reduction and encapsula-
tion[60], although as shown here this can be removed by
prolonging reduction time or increasing temperature [13]. We note
however that this latter treatment needs to strike a balance
between being sufficient to effect surfactant removal whilst not
leading to excessive titania reduction/Co NP coverage. This study
demonstrated that the conditions used here (e.g. 50 % H2/He,
623 K, 3 h) is beneficial for producing a more active catalyst
although there is likely scope for further optimisation of these con-
ditions. This method is of course not limited to the preparation of
Co NPs on TiO2 and may be translated to the preparation of the
same CoNPs on other reducible supports (e.g. Nb2O5[10]) else used
for the supporting of other metal (Au[13], Rh[58], etc.) NPs thereby
expanding the application of surfactant encapsulation to optimise
the performance of a catalyst. Catalysts with size-controlled NPs
can be easily obtained using this method by simply varying the
amount of precursor during NPs preparation. Lastly, the protection
of titania reduction by a surfactant can also be applied to some
conventional methods for catalyst preparation such as impregna-
tion, for example coating the dried or calcined samples with sur-
factant (with further heating treatment) before reduction.
4. Methods

4.1. Catalyst preparation

With reference to previously used pentaethylene glycol dode-
cylether (C12E5),[33] here an affordable tetraethylene glycol mon-
ododecyl (C12E4, Brij� L4, Sigma-Aldrich) was chosen as an



Scheme 1. (Top) Surface C12E4 residues prevent the CoNPs from aggregating and rutile from being reduced. In addition, the gold-coloured sheet in the 473 K calcined 5–15 %
Co@C12E4 sample represents the residual C12E4 on the surface, while in the 5–15 %Co sample, the aggregated NPs were shown as blue spheres. TiO2-x migrates in the 5–15 %Co
sample and forms a crystalline and impermeable surface (grey solid semicircles), while the partial coverage seen in 5–15 %Co@C12E4 occurs (top depiction) to a lower extent
whilst retaining an amorphous and permeable character, (green colour).
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alternative surfactant. 5.00 g C12E4 mixing with 26.67 g n-hexane
(Sigma-Aldrich) were put into a 303 K water bath and stirred at
500 rpm for 2 h to form reverse micelles solution. Then 0.96 g
cobalt nitrate hexahydrate (Sigma-Aldrich, > 98 %) in 0.44 g DI
water was added and kept stirring for another 1 h under the same
conditions. After that, 3.70 g rutile TiO2 (50 m2/g, Sigma-Aldrich,
6 h 773 K air calcination before use) was added in the above solu-
tion and continuing stirring for another 1 h. Then the system was
added with 28 wt% NH3 (aq) (0.41 g, Sigma-Aldrich) to generate
solid NPs and kept stirring for 1 h. Next, splitting the above green
mixture into two portions, one portion was dropwise added
with > 80 mL acetone (Sigma-Aldrich) to break micelles. The
acquired precipitation and liquid mixture was filtered to remove
hexane and C12E4 and then washed for 3–5 times by acetone before
drying at 373 K for 12 h and calcining at 473 K for > 5 h [33,63]. The
generated catalyst was denoted as 5 %Co. The other portion before
calcination was heated to 323 K to evaporate hexane and then the
obtained sample was referred to 5 %Co@C12E4. Both cobalt loadings
in above catalysts were 5 wt%, but decreasing the amounts of
rutile, the 15 wt% cobalt loading catalysts were prepared and
denoted as 15 %Co and 15 %Co@C12E4, respectively. Sample reduc-
tion, normally, was conducted in a HIDEN CATLAB Microreactor
with the condition of 50 % H2/He flow (20 mL/min), 623 K for
3 h. The reduced samples were either passivated by 1 % O2/He
(303 K, 50 mL/min, 30 min) or protected in pure ethanol before fur-
ther characterisation.
4.2. UV–vis

The changes of cobalt nitrate-C12E4 micelles in hexane during
adding NH3 (aq) was characterised using a SHIMADZU UV-1800
UV–vis spectrometer in the wavelength range from 300 to
900 nm with a spectral resolution of 2 nm. The measurement con-
ditions were at room temperature and atmosphere and using a
pure hexane solvent as reference.
4.3. FTIR

Organic groups residing on above calcined catalysts were stud-
ied by FTIR. Before measurement, all the samples were dried at
373 K for 1 h. After cooling down to room temperature, each of
the catalysts was diluted with KBr powder, and pressed into
1 mm thick pellets. FTIR measurements were carried out in a
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Nicolet iS10 spectrometer under transmission mode with spectral
resolution of 4 cm�1.

4.4. TGA

�10 mg sample was analysed in a TGA Q50 V20.13 Build 39
instrument with 50 mL/min N2 flow. Temperature was ramped
from room temperature to 1273 K (10 K/min). Specifically, the
reduced samples were obtained with the reduction treatment in
catalyst preparation (section 1) but without protection during
sample transfer. Then first derivative profiles were obtained by
processing the TGA (weight loss) profiles with origin Pro 2019.

4.5. TEM/STEM

Before measurement, the samples were reduced using the
above mentioned conditions but with an additional passivation
process (303 K, 1 % O2/He). Reduced catalysts were quickly dis-
persed using ethanol and an ultrasonic bath (10 min) and then
the supernatant was dropped onto a copper TEM grid (mesh size
200) with a carbon film. Next, the sample was dried in air at room
temperature and TEM imaging was conducted using a JEOL
JEM2100 TEM 200 kV instrument (RCaH). HAADF-STEM and
dual-EELS were performed using a JEOL ARM200CF microscope
(ePSIC, Diamond Light Source) operated at 200 kV. FFT patterns
and EELS spectra were extracted from exact regions (i.e. region 1
for pure TiO2 support, region 2 for cobalt-TiO2 interface, region
3–7 for different parts of a CoNP and region 8 for background)
shown in Fig. 6 and Fig. 7. The TEM/STEM images and FFT patterns
were analysed using the ImageJ software (version 1.52e) [64,65].
The NP size is averaged from manually measuring over 100 NPs.
The selected EELS spectra were background corrected by using a
Gatan DigitalMicrograph software (version 3.30.2016.0) and the
EELS references were from EELSDB and EELDC database.

4.6. XRD

A Rigaku Miniflex X-ray diffraction (XRD) instrument (Cu Ka1,
45 kV, 2h 20–70�, step 0.01�, speed 0.2 s/�) with fixed divergence
slits at ISIS neutron and muon light source was used for measure-
ment. The samples were also reduced at 623 K for 3 h in 50 % H2/He
flow (20 mL/min) and then cooled down to 303 K but quickly
moved into ethanol without passivation. Reduced samples mea-
surement was protected by the ethanol solvent and used a low
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noise Si background holder while the calcined samples were a
standard XRD run at room temperature. The loading of samples
on the pucks is just ensuring the sample is finely ground and has
a nice flat surface with respect to the puck edge.
4.7. H2-TPR

Reducibility of the catalysts was tested by employing an Anton
Paar ChemBET Pulsar chemisorption analyzer. The H2-TPR proce-
dures were: pre-treating catalysts in pure He flow (50 mL/min)
at 393 K for 30 min then cooling down to 303 K with changing
gas to 10 % H2/N2 (50 mL/min) and lastly ramping to 1073 K
(10 K/min). The outlet gases were analysed by a Thermal Conduc-
tivity Detector (TCD) detector. Particularly, the DOR calculations
were conducted at an isothermal temperature step of 623 K for
3 h as part of the experiment. DOR calculations were based on
the H2 consumption ratios at temperatures � 623 K versus the
total temperature range in the H2-TPR profiles.
4.8. XPS

XPS analysis for the reduced samples with passivation (same as
that for STEM/TEM) was performed on a Thermo Fisher Scientific
NEXSA spectrometer at HarwellXPS. This XPS was equipped with
a micro-focused monochromatic Al X-ray source (72 W, 400 lm).
Data were recorded at pass energies of 50 eV for Co 2p and O 1 s
scans with 0.1 eV step size. The samples were measured under
the vacuum of 10-9 mbar and room temperature with a charge neu-
tralisation mode. The recorded data were analysed by CasaXPS
(version 2.3.19PR1.0) [66]. The binding energy was calibrated by
using C 1 s (284.8 eV).
4.9. Activity for CO reduction

Ambient pressure CO reduction activity was tested on the
HIDEN CATLAB Microreactor. 150 mg powder catalyst was loaded
in a quartz tube reactor (using quartz wool to stop catalyst mov-
ing) and then reduced in 50 % H2/He (20 mL/min) at 623 K for
1/3/5 h. After that, the catalyst was cooled down to 423 K and
switched to syngas (H2 3.3 mL/min; 10 % CO/He 16.7 mL/min).
Lastly, the temperature was ramped to 493 K and kept for > 1.5 h.
The outlet gases before and after reaction were recorded by using
an equipped mass spectrometer (MS) with m/e equal to 2, 4, 15, 18,
26, 27, 28, 41, 43, 44, 57, 58, 71. The CO conversions were calcu-
lated based on the MS CO calibrated intensity (m/e = 28) changes.
Note all the fragments’ intensities (i.e. m/e = 2, 15, 18 . . . 71) were
calibrated by the inert standard gas He (m/e = 4).

COconversion ¼
ICO
IHe

initialð Þ � ICO
IHe

FTSð Þ
ICO
IHe

initialð Þ � 100%
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