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ARTICLE INFO ABSTRACT

Keywords: Generally, strong metal-support interactions of reducible metal oxides supports will cause encapsulation of
Fischer-Tropsch synthesis suboxides on metal catalysts. It inevitably brings the formation of metal-support interfacial sites, and decreases
Ru/TiO, surface-exposed metal sites. Herein, we synthesize Ru/TiO, catalysts through a dopamine sacrificial coating

Active sites
Dopamine sacrificial coating
metal-support interactions

strategy, which significantly increases the number of surface-exposed Ru sites with the high dispersion. The as-
synthesized Ru/TiO,-500-H catalyst exhibits the high Fischer-Tropsch synthesis performance and catalytic
stability. We discover that the TOF of surface-exposed Ru sites is 5.3-fold that of interfacial ones in our catalyst
system. Moreover, surface-exposed Ru sites could thermal-stably adsorb CO, stimulate the chain growth and
promote the Cs selectivity by strengthening the bond between CH, intermediates and metal sites, as evidenced
by in situ characterizations operated under real operating conditions. Our findings provide comprehensive
understandings of rationally designing highly efficient metal catalysts, which can be potentially applied in other
related catalysis systems.

classical strong metal-support interactions (SMSI) emanating from the
encapsulation of metal nanoparticles (NPs) by metal oxide supports

1. Introduction

Fischer-Tropsch synthesis (FTS) is one of the efficient approaches
for converting syngas (CO and H,) derived from non-petroleum carbon
sources including natural gas, coal and biomass into clean hydrocarbon
fuels and value-added chemicals over metal catalysts [1-3]. It is a
complex heterogeneous catalytic process and proceeds through several
key elementary steps in the whole reaction, mainly including (1) ad-
sorption and dissociation of CO and Hs, (2) formation of surface CHy
intermediates, (3) C-C bond coupling for chain growth, and (4) dehy-
drogenation and hydrogenation [1].

Supported Ru catalysts have been regarded as promising candidates
in FTS with advantages of the superior activity, selectivity towards
long-chain hydrocarbons and stability under harsh reaction conditions
[4-7]. TiO, is one of the conventional supports, which can generate

[8-10]. Some papers have reported that SMSI can promote catalytic
reactions due to the generation of new active sites at metal-support
interfaces created by coverage of oxide layers on metal particles. Ue-
matsu et al. reported the enhanced CO, hydrogenation performance
over Ru/TiO, catalysts resulting from the generation of active sites at
metal-support perimeters [11]. Bell et al. also found that the FTS per-
formance over the Ru/TiO, catalyst was dominated by the migrated
TiO4 layer, which could provide more active interfacial sites for CO
dissociation [12]. Notably, this encapsulation behavior on metal cata-
lysts induced by SMSI could even occur at low reduction temperatures
like 300 °C [11,13-15]. Thus, it is difficult to be avoided in FTS, which
generally requires the pre-reduction of metal catalysts above 300 °C
prior to the reaction. However, the dense overlayer of suboxides on the
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metal particles might block the access of reactants to available active
sites, limiting the catalytic reaction from further proceeding [16,17].

Several strategies are proposed to deal with the issue of the active
site blockage induced by SMSI to improve the catalytic activity. de Jong
et al. exploited the cyclic reduction—-oxidation-reduction (ROR) treat-
ment on the Co/TiO, FTS catalysts. The ROR modulation effectively
doubled the number of available Co sites through decreasing the size of
Co NPs to promote the apparent catalytic performance without chan-
ging their intrinsic activity (turnover frequency, TOF) [17]. Christopher
et al. [18] and Wang et al. [19] constructed reactant-permeable TiOy
overlayers on metal catalysts to increase the number of accessible active
sites for reactants. Li et al. enwrapped a functionalized hydrothermal
carbon (HTC) layer on the TiO, support before the deposition of cobalt
to avoid the encapsulation of TiO, on metal sites, which led to the in-
crease in exposed active sites in metal catalysts. By controlling the
thickness of the HTC layer and annealing temperature, the FTS activity
was optimized [20]. Dai et al. have reported that the dopamine sacri-
ficial coating strategy for Au/TiO, could improve the MSI and elec-
tronic interactions and finally construct the sintering-resistant Au NPs
[21]. This strategy changes both the geometric contact and electronic
interaction between metal and support during the catalyst preparation,
and offers the possibility to tune the number of surface-exposed metal
sites and interfacial metal sites on the TiO, support. Up to now, few
studies have clarified the difference between surface-exposed and in-
terfacial metal sites in FTS, which might significantly determine the
catalytic performance [22].

In this study, aqueous-phase route [23,24] and dopamine sacrificial
coating strategy [21] are combined for the preparation of the Ru/TiO,
catalysts. By changing the calcination temperatures during the dopa-
mine modification process, we successfully prepare the Ru/TiO, cata-
lysts with the average diameter of Ru NPs at around 3 nm. Our strategy
could form more surface-exposed metallic Ru sites and suppress the
formation of interfacial Ru sites originating from the support en-
capsulation. The former exhibited excellent thermal stability for CO
adsorption than the latter. Moreover, we interestingly discover that the
TOF of surface-exposed Ru sites is 5.3-fold that of interfacial Ru sites.
Due to possessing the largest number of surface-exposed Ru sites, the
Ru/TiO»-500-H catalyst exhibits the highest FTS activity. In addition,
the thermal-stable linear-adsorbed CO species on surface-exposed Ru
sites facilitate the chain-growth of hydrocarbons to produce heavy FTS
products due to the strong bond between CH, intermediates and me-
tallic Ru sites. Our results could offer novel perspectives on rationally
designing highly active metal FTS catalysts.

2. Experimental methods
2.1. Catalyst preparation

Ru/TiO, was prepared by the chemical-reduction method reported
previously [21,23,24]. In a typical synthesis, RuCl3xH,O and e-Amino-
n-caproic Acid (denoted as EACA) (the mass ratio of RuCl3xH,0: EACA
equaling to 1:2) were dispersed in deionized water after ultrasonic
treatment. 0.5 g commercial TiO, (Degussa P25) was then added to the
mixture under vigorous magnetic stirring. Thereafter, excess NaBH4
solution was added to the mixture solution dropwise to make Ru®>* get
fully reduced to Ru’. Then the whole mixture was transferred into the
oil boil and stirred at 90 °C for 3 h. After the solution was cooled down
to room temperature, the catalyst was centrifuged and washed by
deionized water and absolute ethanol for several times to assure that all
Cl~ was completely removed. AgNO3 aqueous solution was used to test
the residual Cl- in the catalyst and no Cl~ was detected. Finally, the
obtained sample was dried overnight and named as Ru/TiO,. The Ru
loading was determined to be 4.7 wt % by inductively coupled plasma-
optical emission spectrometry (ICP-OES, VIISTA-MPX, Varian). This
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value was less than the theoretical content 5.7 %, which might be as-
cribed to the washing process during the synthesis process.

For the synthesis of Ru/TiO,@DA, 100 mg dopamine (DA) was
added to 100 mL tris-buffer solution under vigorous stirring at room
temperature for 1 h. Then the as-prepared Ru/TiO, was dispersed in the
above mixture and stirred for 24 h. The suspension was separated by
centrifugation and then washed by deionized water and absolute
ethanol for several times. Later, the sample was dried in vacuum at 70
°C overnight. The as-prepared Ru/TiO>,@DA was subjected to the an-
nealing treatment at 700 °C in N, flow for 2 h, and the resulting sample
was denoted as Ru/TiO>@carbon.

Ru/TiO,-T catalysts were obtained by directly heating Ru/TiO,@
carbon in air at different temperatures, in which T presents the calci-
nation temperature of 500/600/700 °C for 2 h, while Ru/TiO5-500#
was obtained by the direct calcination of Ru/TiO, in air at 500 °C. No
Ru loss was observed during the calcination procedure, as evidenced by
the ICP results.

2.2. Catalyst characterization

Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) were performed by a JEOL
JEM-2100 F transmission electron microscope operating at 200 kV. The
catalysts were reduced in H, flow at 300 °C for 3 h and then added in
the ethanol. After ultrasonic treatment, the suspension was deposited
on the copper grids for the TEM tests. The average particle size was
calculated upon the measurement of 200 particles collecting from dif-
ferent positions of copper grids.

The measurements of specific surface area (Sger) and pore volume
(PV) were carried out on a Quantachrome QuadraSorb SI instrument at
—196 °C by nitrogen adsorption-desorption. Before the analysis, the
catalysts were degassed at 200 °C for 3 h to remove adsorbed H,O and
other impure surface species. The Sgrr was determined from the linear
part of the BET curve, and PV was determined by the Barrett-Joyner-
Halenda (BJH) method from the desorption branch of the isotherm.

The X-ray diffraction (XRD) patterns of the catalysts were recorded
on a Bruker D8 focus diffraction instrument operating at 200 mA and 40
kV. The radiation source was Cu K, (A =0.15418 nm) and all patterns
were collected at a scan speed of 0.133° s ! in the 26 from 20° to 90°,
except for the slow scanning of 26 from 26° to 29°, the scan speed is
0.017° s~

Visible Raman spectra were obtained on a Raman spectrometer
(Renishaw, inVia reflex) using a laser wavelength of 532 nm.

The spectra of in situ X-ray photoelectron spectroscopy (XPS) were
recorded on a PHI 5000 versa Probe with an aluminum anode (Al Ka =
148.6 eV) operating at 25 W. The as-prepared catalysts were put in the
introduction chamber (IC) and then transferred to the reaction chamber
(RC) by a transfer rod. All catalysts were reduced in H, at 300 °C for 3 h
after degassing the RC. Once the temperature cooled down to room
temperature, the catalysts were transferred back to IC and degassed
again to remove the adsorbed H,. Subsequently, the catalysts were
transferred to the main chamber for the latter XPS detection with an
accuracy of = 0.1 eV. The C 1s peak (284.6 eV) was used as the stan-
dard to calibrate the binding energies.

The H, temperature-programmed reduction (H,-TPR) operations
were carried out on a TPDRO apparatus (TP-5080, Tianjin Xianquan Co.
Ltd). Typically, 30 mg catalyst was loaded into the quartz tube reactor
and then pretreated in He flow for 1 h to remove adsorbed impurities,
followed by heating the catalysts from room temperature to 900 °C at
the heating rate of 10 °C min~* in 8.0 vol % H/N, flow (30 mL min ~1).

The H, temperature-programmed desorption (H,-TPD) experiments
were carried out to determine the dispersion of catalysts on the above
TPDRO apparatus. In a typical experiment, 200 mg catalyst was loaded
in the quartz tube reactor and reduced at 300 °C at the rate of 5 °C
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min~? for 3 h in H, flow, which was then switched to N, flow for 0.5 h
to remove the adsorbed impurities on the catalyst surface. Then, the
whole system was switched to H, flow again at 100 °C for 1 h to fully
adsorb H,, followed by the purging process in N, flow at 100 °C for 0.5
h. Finally, the temperature was linearly increased up to 900 °C at the
rate of 10 °C min~?! in N, flow for the TPD analysis. The adsorption
stoichiometry factor of H, is assumed to be 2, i.e., one H atom on per
ruthenium atom. The total Hy-uptake from the isotherm was used to
determine the amount of metallic Ru atoms exposed on the surface and
calculate the dispersion. This value was also employed to calculate the
accessible Ru surface area based on the Ru atomic surface area (0.0817
nm? atom 1) [25].

The thermal gravimetric (TG) analysis was carried out on a Perkin-
Elmer Diamond TG/DTA instrument. About 6 mg catalyst was heated
from room temperature to 900 °C in air or N, flow (100 mL min~ 1) at
the heating rate of 10 °C min~'.

The photoluminescence (PL) measurement was performed on the
Horiba Jobin Yvon Fluorolog3 photoluminescence spectrometer at
room temperature using the excitation wavelength of 325 nm.

In situ DRIFTS spectra were collected by using Fourier transform
infrared spectroscope (Thermo Fisher, Nicolet IS50) equipped with a
commercial in situ reaction cell. The spectra were recorded with a
Magna 6700 spectrometer (Thermo) equipped with an MCT narrow-
band detector. The scan number was 256 and the spectral resolution
was set as 4 cm ™ !, All catalysts were pre-reduced in H, flow for 3 h
(ambient pressure). The cell was then flushed in He flow at 300 °C for
0.5 h to remove the resident H, on the catalysts and in the cell. After the
system was cool down to room temperature, the background was re-
corded to analyze the followed spectra collected under in situ condi-
tions. The syngas (H/CO = 2) or CO (> 99.9 %) was used as the probe
gas at the desired temperatures. The back-pressure valve was used to
make sure that the pressure of the adsorption gas was kept at 2 MPa.
There are mainly three procedures for in situ DRIFTS experiments. In
procedure A, the reduced catalysts were first exposed to CO (> 99.9 %,
2 MPa) for 0.5 h at 220 °C and then the He flow was used as flush gas at
220 °C for 0.5 h to remove gaseous CO in the reaction chamber. The
spectra were collected during the steady-state in which the chemically
adsorbed CO species on catalysts keep unchanged furthermore. In
procedure B, the CO adsorption (2 MPa) was performed at 50 °C for 0.5
h and most of the gaseous CO was purged with He at the same tem-
perature for 0.5 h. Thereafter, the temperature was increased to 220 °C
at a rate of 5 °C min~! in flowing He and the spectra were recorded for
every 10 °C. The details of the procedure C were similar to the proce-
dure A except that the probe gas was changed to syngas (H,/CO = 2, 2
MPa).

X-ray absorption fine structures (XAFS) at the Ru K edge (22117 eV)
were collected by using fluorescence mode at the BL14W1 beamline of
Shanghai Synchrotron Radiation Facility (SSRF) and 1W1B beamline of
Beijing Synchrotron Radiation Facility (BSRF). A fixed-exit double-
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crystal Si (111) monochromator was used for energy selection. The
spectra were analyzed using Athena and Artemis [26]. The Fourier
transformation of the k®-weighted extended X-ray absorption fine
structures (EXAFS) oscillations, k? « x(k), from k space to R space was
performed over a range of 3.0-12.0 A~ to obtain a radial distribution
function. And the wavelet transform (WT) analysis was based on Morlet
wavelets with optimum resolution.

2.3. Catalytic tests

The FTS performance was evaluated on a fixed-bed reactor.
Typically, 0.5 g catalyst (pellet size: 0.25—0.42 mm) was loaded in the
stainless tube (i.d. 8 mm) and then pre-reduced in H, flow (40 mL
min~ !, ambient pressure) at 300 °C for 3 h. The reduced catalyst was
named as the Ru/TiO,-T-H catalyst. After the reactor was cooled down
to room temperature, the reaction was carried out at 220 °C in syngas
(2.0 MPa, 4800 L kg ' h', H,/CO = 2, and 1.5 % N, internal
standard). The products in the gas phase were detected by an online gas
chromatograph (GC) equipped with thermal conductivity detector
(TCD) and flame ionization detector (FID), whereas the liquid products
were tested by an offline GC with FID detectors. CO conversion, product
selectivity, Ru time yield and TOF were defined by the following
equations.

Nco,inlet — McoO, outlet

Xco = x100%
nco, inlet (1)
Se, = Sn %100%
Chn — N ©
Yoner NEC, )

. . Nco, inlet — 1CO, outlet
Ru time yield =——2t €O outlet
Ry Xt 3

TOPéxp - nCO, inlet — nCO,outlet

ARy X Dy, TppXt 4)
In Eq. (1), Xco means the conversion of CO. nco, inter and Nco, outlet
means the moles of CO in the reactants and products, respectively. Sc,
in Eq. (2) is the selectivity of hydrocarbons in different carbon number,
in which n means the carbon numbers. F¢, represents the molar of
hydrocarbon with the n carbon atoms. Traces of CO, (< 3%) were
excluded here. In Egs. (3) and (4), ng, represents the Ru® moles in the
reaction. Dy tpp is the dispersion calculated according to the Ho-up-
take value [5] and ¢ is the reaction time. Carbon balances were beyond
90 % for all tests. The activity and selectivity were calculated for a
duration of 24 h after 3 h on steam at a steady state.

(d)
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—— Ru/TiO,-600
I —— Ru/TiO,-700
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>
=
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Fig. 1. Structural characterization of the Ru/TiO,-T catalysts: (a) N, adsorption-desorption isotherms, the inlet shows the pore distribution; and (b) PL spectra.
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Table 1
Physical and chemical properties of the as-prepared Ru/TiO, catalysts.

Catalysts dreduced”  dspent”  Sper m> Vpore cm®  f4°  Ru/Ti ratio®
g g !
nm
Ru/Ti0,-500 3.1 3.6 52.1 0.16 0.96 0.154
Ru/Ti0,-600 3.3 4.2 47.3 0.12 095 0.125
Ru/TiO»-700 3.4 5.9 41.3 0.10 0.89 0.075
Ru/TiO,- 3.5 4.3 59.5 0.22 0.98 0.151
500#

@ Particle size of Ru NPs determined by TEM.
> The weight ratio of anatase determined by XRD.
¢ Ru/Ti atomic ratio determined by XPS.

3. Results and discussion
3.1. Catalyst characterization of Ru/TiO»

The N»-sorption results in Fig. S1 and 1 (a) suggests that the pore
structure of the Ru/TiO, catalysts is maintained during the whole DA-
modified preparation process [21]. As shown in Table S1, the specific
surface area and pore volume of Ru/TiO,@DA increased, indicating the
formation of porous dopamine shell covering on the whole catalysts.
Compared with the Ny-isotherms of Ru/TiO,-T catalysts in Fig. 1(a),
Ru/TiO»-500 shows a similar pore structure to Ru/TiO,, proving that
the shell has been successfully removed. After removing the carbon
shell, all of the Ru/TiO2-T catalysts experienced a slight decrease in the
surface area with the increased calcination temperatures, as listed in
Table 1. The PL spectra in Figs. S2 and 1 (b) demonstrated the suc-
cessful coating and removal of dopamine and carbon shell in the
synthesis process, which is consistent with the TG (Fig. S3), TEM (Fig.
S4) and Raman (Fig. S5) results in the supporting information.

Fig. 2 shows the H,-TPR profiles of the Ru/TiO, catalysts. Generally,
the peaks at 200 — 300 °C are attributed to the reduction of bulk RuO, to
metallic Ru, while the peaks at lower temperatures are assigned to the
reduction of highly dispersed RuO, with weaker Ru-support interaction
[11,27-30]. In Fig. 2, all of the catalysts have a broad reduction peak
centered at around 219 °C, and the profile variation in the range of
100 —300 °C of these catalysts was similar, especially for Ru/TiO»-500
and Ru/Ti0,-600. It indicated that the reducibility of highly dispersed
RuOy species on these catalysts was comparable [31]. According to the
reduction behavior of the catalysts, 300 °C was chosen as the pre-
treatment temperature for H, reduction prior to the activity tests.

The crystal structure of Ru/TiO, catalysts was characterized by
XRD. As shown in Fig. S6, anatase was confirmed as the predominant
phase in commercial TiO, (P25) [21,32], and no distinct changes in the

—— RU/TiO,700
Ru/TiO,-600
Ru/TiO,-500

Intensity (a.u.)

\_

100 200 300 400 500 600 700
Temperature (°C)

Fig. 2. H,-TPR profiles of the Ru/TiO, catalysts.
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crystal phase of TiO5 occurred during the synthetic steps. The XRD
results in Fig. 3(a) and (b) indicates that the Ru/TiO,-T catalysts consist
of the two type TiO, phases (anatase and rutile) and RuO, phase. It is
noteworthy that the peak intensity of rutile in Ru/TiO,-500# in
Fig. 3(b) was lower than other fresh catalysts, which could be ascribed
to the difference in the calcination conditions. The 700 °C calcination in
N, in Ru/TiO,-T would lead to the increase in the crystallinity and XRD
peak intensity of rutile. To further determine the degree of the crystal
phase transformation of TiO, occurred during the calcination in air, the
weight ratio of anatase (fy) was calculated by the following equation
[33,34]: fa = (1 + 1.26 Iz/1) '. Where Iy and I, mean the intensities
of rutile (101) and anatase (110) peaks in the XRD patterns, respec-
tively. As shown in Table 1, Ru/TiO,-500# has the highest f, and
corresponding less intensity of rutile, which could be ascribed to the
lack of calcination in N, at 700 °C. While for other catalysts, the crystal
transformation from anatase to rutile appeared at 700 °C and f, de-
creased with increasing calcination temperatures. This difference in the
phase composition of the support might lead to the changes in the FTS
catalytic performance. Hence, the calcination temperature range below
600 °C is acceptable to exclude the influence of the support.

Fig. 3(c) and (d) show the XRD patterns of the reduced catalysts.
The diffraction peak corresponding to the RuO, phase in Fig. 3(b) has
disappeared in comparison with the patterns in Fig. 3(d), indicating
that the bulk RuO, have been reduced and 300 °C is suitable for the
reduction of RuO,. Notably, characteristic peaks of metallic Ru (Ru®)
were not detected in Fig. 3(c), which might be ascribed to the high
dispersion of Ru NPs, whose particle size was below the detection limit
of XRD [31]. Fig. 4 shows the TEM images of the reduced catalysts and
the metallic Ru NPs has been indicated in the dashed circles. The cor-
responding particle size distribution of Ru NPs in all catalysts clearly
demonstrates that the size of Ru NPs on the catalysts is around 3 nm,
which is consistent with the size range of undetectable Ru® species in
the above XRD results.

The chemical states of Ru species were analyzed through the XAFS
studies of the reduced catalysts at the Ru K-edge. As shown in the
XANES spectra (Fig. 5(a)), the absorption thresholds of the reduced
catalysts located close to that of Ru foil, indicating that Ru species
mainly exist in the metallic state. In the Fourier transformed k°-
weighted EXAFS spectra (Fig. 5(b)), the curves of the catalysts have a
main peak at 2.35 10\, corresponding to the metallic Ru-Ru scattering
peak [35,36]. The absence of the Ru-O bond at about 1.48 A excludes
the presence of bulk Ru oxides in these reduced catalysts [23]. To
further demonstrate the reduction of RuO, NPs, we analyzed wavelet
transform (WT) of Ru K-edge EXAFS of the reduced catalysts. In
Fig. 5(c), the WT contour plots of Ru/TiO»-500-H show only one in-
tensity maximum at 9.1 A, corresponding to Ru-Ru coordination.
Additionally, no intensity maximum related to Ru-O contribution was
observed at lower coordination shells compared with the WT plot of
RuO; in Fig. 5(g), coinciding with the above XANES and XRD results.

To further determine the coordination numbers (CN) and intera-
tomic Ru-Ru distances of the reduced catalysts, the fitting results of
EXAFS analysis were given in Table 2 and Fig. 6. The first coordination
shell of Ru-Ru located at around 2.68 A in Ru/Ti0,-500-H and Ru/
TiO,-T-H had the similar coordination number. This finding indicates
the similar local coordination environment of these reduced catalysts,
and slightly enlarged Ru NPs with the increased calcination tempera-
tures, which was consistent with the TEM results in Fig. 4.

The amount of chemisorbed hydrogen of the catalysts was measured
through the H,-TPD method, and the dispersion and accessible surface
area of metallic Ru were calculated based on the values of H,-uptake in
Table 3. Ru/Ti0,-500-H exhibited the maximum H,-uptake and hence
showed the largest Ru surface area and dispersion. For the Ru/TiO,
catalysts having experienced DA sacrificial coating strategy, the higher
annealing temperature led to the greater blockage of the exposed-Ru
metal surface, and the lower Ru dispersion. While for Ru/TiO,-500#-H,
it exhibited the significantly smaller H,-uptake, Ru surface area and
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Fig. 3. Structural characterization of the catalysts: (a, ¢) full XRD patterns and (b, d) XRD patterns in the 2 theta range of 26-29 degrees; (a, b) fresh and (c, d) reduced
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Fig. 4. TEM images of the reduced catalysts: (a) Ru/TiO,-500-H, (b) Ru/TiO»-600-H, (c) Ru/TiO»-700-H, and (d) Ru/TiO»-500+#-H.

dispersion compared with the Ru/TiO,-T-H catalysts, indicating the
serious encapsulation of TiOy species on Ru NPs therein.

The Ru/Ti atomic ratio could reflect the relative amount of the
surface Ru atoms [37], and the values on the reduced catalyst surface
were obtained from the in situ XPS results (Fig. 7 and Table 3). Con-
sidering the effect of different calcination temperatures on the struc-
tural rearrangement of metal NPs, we mainly compared Ru/TiO»-500-H
and Ru/Ti0O,-500#-H, which experienced the same thermal treatment.
It is of great interest to note that the DA sacrificial coating strategy
could successfully suppress the encapsulation of Ru NPs by TiOy

fragments, as evidenced by the high surface Ru/Ti ratio of Ru/TiO»-
500-H (0.142). However, this value of Ru/TiO5-500#-H decreased to
0.047 beyond the margin of error. This further provides the convincing
evidence for the increased TiO, coverage on Ru NPs by directly heating
catalysts in the oxidative atmosphere, which led to the promoted for-
mation of inaccessible Ru sites.

To further certify this conclusion, we performed XPS analysis of the
fresh catalysts. As given in Table 1, the Ru/Ti ratio of the fresh catalysts
was similar except for the Ru/TiO»-700, which might be attributed to
the high annealing temperature and the phase transformation of the
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the reduced catalysts, Ru foil and RuO,.

support. Especially, Ru/TiO»-500 and Ru/TiO»-500# without H, re-
duction had the similar Ru/Ti ratio of ~0.15. This phenomenon proved
that for Ru/TiO,-500#-H the support encapsulation on metal NPs
mainly occurred during the H, reduction procedure at 300 °C, rather
than the heat treatment under the oxidative environment.
Deconvolution was used to testify the details of Ru species since the
XPS spectra of both C 1s and Ru 3d in the region of 279 —287 eV are
totally overlapped. The binding energy values at 280.2-282.4 eV and
284.2-284.4 eV could be attributed to the Ru 3ds,, and Ru 3d3,» of
metallic Ru [38]. The Ru 3d peaks at 281.2-281.5 eV (green region)
could be ascribed to the positively charged Ru species (Ru®"), which is

the inevitable consequence of SMSI [39]. Notably, all Ru binding en-
ergy peaks of the Ru/Ti0,-500/600/700-H catalysts show the negative
shift when compared with Ru/TiO,-500#-H, indicating that the DA
sacrificial coating on the catalysts can strengthen the electron transfer
from the TiO, support to Ru NPs [40,41].

The schematic overview of the pretreatments applied to the Ru/
TiO, catalysts was briefly depicted in Scheme 1. As mentioned before,
the DA coating offered a rigid shell for both the metal NPs and the
support of the Ru/TiO,-T-H catalysts during the thermal treatment,
which avoids the encapsulation of Ru NPs by TiO, overlayer during the
H, reduction treatment. For example, Ru/TiO,-500-H and Ru/Ti0,-500
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Table 2

Structural parameters of the reduced catalysts and Ru foil extracted from the EXAFS fitting.
Catalysts Scattering path CN* R AP ? (1073 A% ¢ R factor?
Ru/TiO,-500-H Ru-Ru 9.8 2.67 = 0.01 4.45 = 0.34 0.0132
Ru/Ti0,-600-H Ru-Ru 9.9 2.68 = 0.01 4.39 = 0.27 0.0058
Ru/Ti0,-700-H Ru-Ru 10.8 2.68 + 0.01 5.11 £ 0.38 0.0100
Ru/TiO,-500#-H Ru-Ru 10.5 2.67 = 0.01 4.78 = 0.35 0.0121
Ru foil Ru-Ru 12.0* 2.68 = 0.01 3.20 = 0.23 0.0130

2 CN is the coordination number.
b R is interatomic distance.

o® is Debye-Waller factor; 9R factor is used to evaluate the goodness of the fitting.

* This value was fixed during the EXAFS fitting, based on the known structure of Ru foil [30].

had the similar Ru/Ti ratio of ~ 0.15, as evidenced by the XPS results
in Tables 1 and 3. Contrarily, Ru NPs on Ru/TiO,-500#-H were ser-
iously covered by TiO4 layer, since its Ru/Ti ratio (0.047) greatly
dropped, compared with Ru/TiO,-500# (0.151). Similar results are also
achieved by the H, chemical adsorption experiments in Table 3. Herein,
the encapsulated structure could not be clearly observed in the high-
resolution TEM images in Fig. 4 due to the low contrast between Ru NPs
and TiO,. Additionally, the pancake-like shape of metal particles also
brings the difficulty to direct observation of support encapsulation.

3.2. Fischer-Tropsch synthesis performance

Fig. 8 and Table S2 gives the FTS activity and selectivity of the
reduced catalysts. It is notable that the Ru time yield of Ru/TiO»-500-H
were the highest, whereas Ru/TiO,-700-H showed the lowest catalytic
performance. The apparent activation energies (Ejy,) of all catalysts
were obtained from the Arrhenius plots, with the CO conversion (X¢o)
lower than 20 % (Fig. 9). The E;‘PCI‘] of Ru/Ti0,-500-H is 83.3 kJ mol "},
within the reported data range of 67 — 155 kJ mol ~' on Ru-based cat-
alysts [42]. The Ea“pcf, value follows the sequence of Ru/TiO,-700-
H > Ru/Ti05-600-H > Ru/Ti05-500#-H > Ru/TiO,-500-H, while the
Ru time yield is in a reverse trend. In addition, the Ru time yield of Ru/
TiO,-500-H was even higher than that of the previously reported Ru-
based FTS catalysts [4-6,24,43], as summarized in Table S2. When
compared with the cobalt- [44-47] and iron-based [48] catalysts in FTS
under comparable reaction conditions in the reported references, the
Ru/TiO»-500-H also exhibited excellent FTS performance. As for the
product distribution (Table S2), Ru/TiO,-500-H showed a higher se-
lectivity towards Cs. hydrocarbons and a lower selectivity towards
CH, than other catalysts. Nevertheless, Ru/TiO5-500#-H has the lowest
selectivity towards Cs,; products and the highest selectivity towards
CH,4 among the catalysts, although it has a higher activity than Ru/
Ti05-600-H and Ru/Ti0O5-700-H.

Fig. 10 shows the catalytic stability of the catalysts. The CO con-
version of Ru/TiO,-500-H kept stable in a 160 -h reaction, while the
activity of Ru/TiO»-700-H dropped quickly. The CO conversion of Ru/
TiO,-600-H decreased slightly, while that of Ru/TiO,-500#-H declined
about 7 % of the initial CO conversion. The deactivation of the catalysts
might result from carbon deposition and/or metal NPs sintering
[49-52]. The TG curves of the spent catalysts are presented in Fig. S7.
The weight loss before 150 °C could be attributed to the removal of
water, and the combustion of FTS hydrocarbons appeared above 200 °C
[53]. The weight loss of the Ru/TiO,-T-H catalysts is quite similar in the
range of 22-27 %. It suggests that the deactivation of the catalysts was
not determined by carbon deposition. However, in Fig. 11, the size of
Ru NPs increased for all of the spent catalysts, especially for Ru/TiO-
700-H. It indicates that the deactivation mainly results from the sin-
tering of Ru NPs.

3.3. Analysis of active sites through in situ DRIFTS characterization

Catalytic reactions are generally considered to occur on specific

active sites on the surface, and the intrinsic activity on a per site (i.e.,
TOF) provides a fair measure to compare catalysts with different
compositions and properties [54]. However, in most cases, TOF is
mainly calculated based on the assumption that all the active sites on a
catalyst are equally active or only one kind of active site contributes to
the catalytic activity. This assumption excludes the actual existed
varieties in the activities and site types, which may bring mis-
understanding for many structure-sensitive or site-specific reactions
[22]. As discussed above, many studies clarified the active sites of FTS
simply basing on the in situ characterization results under ambient
conditions [9,53], including theoretical calculations as well [55]. Un-
fortunately, they are quite different from real operations conducting at
high pressures and temperatures. The gap between them gives rise to
uncertainties and ambiguities regarding the identification of the in-
trinsic active sites. Thus, it is urgent to employ in situ characterization
methods operated under real reaction conditions to get consensus on
the impact of active site types on FTS performance, and to reveal in-
trinsic mechanisms.

To solve this problem, the in situ DRIFTS studies were conducted to
investigate the adsorption behavior of CO on Ru sites under the real
reaction conditions, as described in procedure A in the experimental
section. In Fig. 12, the spectra show bands at frequencies of 2135, 2067
and 1970 cm ™!, which were attributed to CO species adsorbed on
different Ru sites. Normally, the band at 2135 cm ™! could be attributed
to multicarbonyl species adsorbed on partially oxidized Ru®™ sites
(donated as Ru®* (CO), with x = 2 or 3) [56,57]. The Ru®" sites mainly
originate from their strong interactions with the TiO5 support and CO-
induced oxidative disruptive process with the participation of hydroxyl
from the support [29,57]. The second band at 2040 —2067 cm ™! ap-
pears at the vibrational frequencies where CO species linearly adsorbed
on surface-exposed reduced Ru crystallites (Ru—CO) [57-59]. The
third broad band locates in the range of 2025—1800 cm ™', and is
centered at around 1970 cm ™!, which might be ascribed to the linear-
adsorbed CO on the boundary between the metal particles and the
support [57] or bridge-adsorbed CO on metal sites [53,60]. The bridge-
type CO adsorption is known to be more favored on extended surfaces
(e.g. terraces) of large metal crystallites, and the band of which on Ru
catalysts generally locates at frequencies below 1800 cm ™ [57,60,61].
It should be noticed that the size of Ru NPs on the Ru/TiO, catalysts in
this study is around 3 nm, which is too small to be suitable for
bridged — CO adsorption. Especially, this band locates above 1800
em ™. Thus, we propose here that the band centered at 1970 cm ™!
could be assigned to CO linearly adsorbed on interfacial Ru sites
strongly interacting with the TiO, support, denoted as (TiO)Ru—CO
[571.

In FTS, metallic Ru sites are active for CO hydrogenation, and
herein, there are two kinds of active sites, that is, surface-exposed Ru
sites (denoted as Rug) and interfacial Ru sites (denoted as Ru;) on our
catalysts [3]. Since only Ru/TiO,-500-H exhibited a weak shoulder
peak at 2040 cm ™', we chose the band locating at 2067 cm ™~ for our
calculation [62-64]. As shown in Fig. 12, Ru/TiO»-600-H has a lower
peak intensity of Ru—CO on Rug than that of (TiO;)Ru—CO on Ru;.
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However, Ru/TiO,-500-H exhibits the opposite regulation, although the
two catalysts were synthesized with the same method, except for the
calcination temperatures. Generally, integrated absorbance in IR

spectra is linked to quantities of surface adsorbed CO on active sites.
Accordingly, the difference in the apparent activity in Fig. 8 should be
directly linked to both the number and intrinsic activity of the Rug and
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Table 3
Physical properties of the reduced Ru/TiO, catalysts.

Catalysts H,-uptake® umol  Dispersion"%  Ru surface area” Ru/Ti

Ha gra ' m? gg, ! ratio”

Ru/TiO,-500-H 2262 45.7 222.7 0.142

Ru/TiO,-600-H 2021 40.9 198.9 0.096

Ru/TiO»-700-H 1509 30.5 148.5 0.051

Ru/TiO,-500#- 1425 28.8 140.2 0.049
H

2 Determined by H,-TPD results.
" Determined by in situ XPS analysis.

Ru; sites on the catalysts. According to the previous studies, we assume
that the proportionality factors between integrated absorbance and
surface concentration are the same for linear-adsorbed CO on both Rug
and Ruy; [65,66]. Based on the corresponding peak areas in the DRIFTS
spectra, the ratio of the two sites on Ru/TiO,-500-H and Ru/TiO5-600-
H was given in Table 4. In addition, it is well recognized that Ru-cat-
alyzed FTS is a structure-sensitive reaction, which means the TOF might
change with the Ru NPs size [67]. In Fig. 4, the Ru NPs size of those
reduced catalysts was similar, so the size effect on the reactivity could
be ignored in this work. In Fig. 12, it is of interest to note that the
frequencies of the bands at 2067 and 1970 cm ™! of Ru/Ti0,-500-H and
Ru/Ti0»-600-H, corresponding to Rug and Ruj sites, respectively, are
the same when compared with other catalysts. It demonstrates the si-
milar activity of Rug/Ruy sites for Ru/TiO,-500-H and Ru/TiO,-600-H.
It provides the possibility to clarify the intrinsic activity of the Rug and
Ru; sites for further recognition of the FTS mechanism by deep analysis
of the two catalysts.

The experimental TOF (TOF.,) value of the two catalysts and TOF

(a)

Applied Catalysis B: Environmental 278 (2020) 119261

for two sites were also given in Table 4. Here, we denote the TOF of Rug
sites and Ru; sites as TOFg and TOF, respectively. Considering both
sites adsorbed linear CO species, it is reasonable to assume that the
adsorption mode for these two sites exhibited the same molar extinction
coefficient. Hence, the TOFg and TOF; could be quantified after com-
bination with the experimental TOF values through the equation of
TOF ey, = W. Here, TOFey,, is the experimental TOF value,
and ng and ny are the site number of Rug and Ruy, respectively. The site
number was calculated based on the Ru surface area in Table 3 and the
surface density (1.5 X 10'° atoms m~2) [53,68]. As a result, TOFg
(250.9 x 102 s) is around 5.3-fold TOF; (47.2 x 107 s1) for Ru/TiO,-
500-H and Ru/Ti0,-600-H. Thus, we can conclude that the activity of
surface-exposed Ru sites is much higher than that of interfacial Ru sites.
Besides, compared with other catalysts, the adsorbed CO stretching
frequency for Ru/TiO»-500#-H exhibited a red shift for (TiO5)Ru—CO
species. This could be ascribed to the discrepancies in electronic
properties among these catalysts, which is consistent with the above
XPS results.

To get a deep insight into the thermal stability of various CO ad-
sorbed species, the in situ DRIFTS spectra were collected at elevated
temperatures in He flow after CO adsorption at 2.0 MPa and 50 °C. As
shown in Figs. 13 and S8, the intensities of all adsorbed CO bands
weakened with the increased temperatures for all of the Ru/TiO,-T-H
catalysts, indicating the thermal desorption of adsorbed CO species.
Especially, the band centered at 1975 cm ™~ decreased sharply even at
the temperature below 100 °C, indicating that CO species adsorbed on
interfacial Ru sites were quite thermally unstable. Nevertheless, the
band attributed to CO adsorbed on surface-exposed Ru sites was more
thermally stable and decreased slowly even at temperatures above 180
°C, which is consistent with the results of Kondarides et al. [57,69].

Interestingly, the catalysts show quite different CO adsorption be-
havior at the low and high adsorption temperatures in Figs. 12, 13 and

(b)

Ru 3d Ru?

Ti 2p & Ru 3p
Ti%

Intensity (a.u.)

286 284 282 280

468 465 462 459 456

Binding Energy (eV)

Fig. 7. In situ XPS spectra of (a) Ru 3d and (b) Ti 2p spectra of the reduced catalysts: (A) Ru/TiO,-500-H, (B) Ru/TiO»-600-H, (C) Ru/TiO,-700-H and (D) Ru/TiO,-

500#-H.
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S8. In Fig. 13(a), when CO was pre-adsorbed at 50 °C, the CO coverage
on Rug was much lower than that at 220 °C, especially for Ru/TiO,-500-
H. However, for the spectra collected at the CO adsorption temperature
of 220 °C in Fig. 12, the band intensity of CO adsorption on Ru; sites is
even stronger than that on Ry sites. The only difference in Figs. 12 and
13 is the initial CO adsorption temperature, that is, 220 and 50 °C,
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Fig. 10. Stability tests of the catalysts.

respectively. This strange phenomenon might be explained by the
competitive adsorption behavior of different adsorbed CO species. At
the low temperatures like 50 °C, CO species adsorbed easier on Ru; sites
to get much stronger band intensity than that on Rug, sites. However, at
the high temperatures like 220 °C, (TiO2)Ru—CO species on Ruj are
thermally unstable, as evidenced in Fig. 13, and accordingly thermally
stable CO species on Rug become dominant to involve in FTS reactions
in Fig. 12. Apparently, in this work, the in situ DRIFTS experiments
operated at the high temperatures and pressures could fill the gap be-
tween the realistic reaction and ambient experimental conditions, of-
fering the comprehensive understanding of the intrinsic mechanism in
FTS processes.

In Fig. 14, the reduced Ru/TiO,-500-H and Ru/TiO,-500+#-H cata-
lysts were exposed to the real reaction conditions for 0.5 h to reach the
steady-state (see procedure C in Experimental Section). Because the
bands in the region of 1900-2200 cm ' are obscured by gaseous CO,
only the spectra in the region of 2700 —3050 cm ™! are presented and
discussed here [70,71]. The characteristic bands of adsorbed CH, spe-
cies can be clearly observed in Fig. 14, indicating that the C-C coupling
occurs after the syngas adsorption under the operating conditions. The
sharp peak at 3015 cm ™' accompanied by the P and R branch fine
structure could be ascribed to the rocking vibration of gaseous CHy4
[70,72], which was generated in a large quantity under the reaction
conditions. According to the previous report, the intensity of this peak
is directly relevant to the catalytic activity of FTS catalysts [70]. Ru/
Ti0,-500-H has a stronger band at 3015 cm ™' than Ru/TiO,-500#-H,
indicating that the former has a higher FTS activity, which is consistent
with the activity results in Fig. 8. The band of methyl (—CH3) group
located at 2966 cm™! and the bands at 2929 and 2857 cm™! are
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Table 4

Ratio of Ruy/Rug and TOF values for the reduced Ru/TiO, catalysts.

Catalysts Ratio of Ruy/Rug TOF (10~ 3s™1)

TOFexp TOF,; TOFg
Ru/Ti0»-500-H 2.4 105.3 47.2 250.9
Ru/TiO,-600-H 7.3 84.8 47.2 250.9

ascribed to stretching vibrations of methylene (—CH,-) groups of al-
kanes [72,73]. The intensity of those bands in the C-H stretching region
follows the same tendency with the band at 3015 cm ™!, suggesting the
higher activity of Ru/TiO»-500-H for CO hydrogenation.

After the 0.5 h reaction, the pressure was dropped to ambient
pressure, and He flow was introduced to investigate the thermal sta-
bility of the generated CHy intermediate species. The CHy bands on Ru/
TiO,-500-H are much stronger than those of Ru/TiO»-500#-H, coin-
ciding with the enhanced chain growth ability and the higher selectivity
towards longer hydrocarbons of Ru/TiO,-500-H. Additionally, the band
ascribed to -CH,- species of Ru/TiO,-500-H (2930 cm ™ 1) exhibits the
redshift compared with Ru/Ti0,-500#-H (2933 cm ~ '), suggesting the
stronger metal-C* bond on the former catalyst under the realistic re-
action conditions [74-76]. The stable adsorption of C* species on Ru’ is

11

beneficial to the CC— coupling reaction stimulating chain growth to
produce heavy hydrocarbons. Thus, Ru/TiO,-500-H exhibits the lower
CH, selectivity compared with other Ru/TiO,-T-H catalysts and the
reported Ru-based FTS catalysts in Table S2 [5,43,77].

4. Conclusions

Herein, we employed the DA sacrificial coating strategy to prepare
the Ru/TiO,-T-H catalysts with well-distributed Ru NPs (~ 3 nm).
Systematic characterizations revealed that the DA-derived carbon shells
could form a complete coating on the catalysts, which can efficiently
isolate Ru NPs and TiO, during the annealing process and hence sup-
press the encapsulation of metal NPs by the TiO, support in the H,
reduction procedure. Subsequently, the Ru surface area and the site
number increased significantly, especially for the number of the sur-
face-exposed sites. The Ru/Ti0O»-500-H catalyst with the maximum site
number hence exhibited the highest apparent activity in FTS. By com-
bining the experimental TOF values and in situ DRIFTS results, we first
discovered that the TOF of surface-exposed Ru sites is qualitative 5.3-
fold that of interfacial Ru sites in Ru/TiO,-500-H and Ru/TiO,-600-H.
The DA sacrificial coating strategy employed here prevented Ru NPs
from sintering, and Ru/TiO,-500-H exhibited the excellent catalytic
stability in 160 h. Additionally, our findings indicate that the strong
bond between Ru sites and CH, intermediates on Ru/TiO,-500-H fa-
cilitates the chain growth to achieve the high selectivity towards heavy
products and lower the CH, selectivity.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the

online version, at doi:https://doi.org/10.1016/j.apcatb.2020.119261.
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