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Abstract: A rational synthetic approach is introduced to enable hydrogen insertion into oxides by
forming a solid solution of a reducible oxide with a less reducible oxide as exemplified with RuO2

and TiO2 (Ru_x, a mixture of x% RuO2 with (100−x)% TiO2). Hydrogen exposure at 250 ◦C to Ru_x
(Ru_x_250R) results in substantial hydrogen incorporation accompanied by lattice strain that in
turn induces pronounced activity variations. Here, we demonstrate that hydrogen incorporation in
mixed oxides promotes the oxidation catalysis of propane combustion with Ru_60_250R being the
catalytically most active catalyst.

Keywords: catalyst promotor; mixed oxides; hydrogenated RuxTi1−xO2; propane combustion;
hydrogen-induced variation in the activity

1. Introduction

Strain-induced changes of the catalytic activity of transition metal compounds in
thermal catalysis were predicted by theory [1] and attributed to a shift of the metal d band
center with strain [2], so that strain engineering has been considered a promising way to
tune activity. Strain can be introduced to the catalyst’s material in various ways including
epitaxial film growth [3], doping such as Li insertion [4], alloying−dealloying [5], formation
of core-shell particles [6] and nano-structuring [7]. In fact, strain engineering has turned
out to be an important tool to improve activity in electrocatalysis, most notably for water
electrolysis [8–12]. Quite in contrast, in thermal catalysis strain engineering is less often
encountered [6,7,13,14], due presumably to missing stability of strain-engineered materials
at higher reaction temperatures.

Hydrogenation of the catalyst material might be a convenient way to introduce strain
into the host lattice and thereby tune the activity of a catalyst as long as the catalyst material
is able to incorporate a sufficient amount of hydrogen into the lattice. For instance, Pd-
based catalysts [15,16] were reported to form both absorbed and adsorbed hydrogen that
may play an important role in hydrogenation catalysis. Hydrogen interaction with oxides
is more intricate than with metals [17] since reducible oxides can face stability problems
due to partial or even total reduction up to the metal phase. Exposing hydrogen to oxide
surfaces frequently forms surface hydroxyl groups, but it can also incorporate hydrogen
into the bulk oxide. Hydrogen exposure to CeO2 was reported to form of hydride species
H− in bulk CeO2 [18–22], a process that is facilitated by oxygen vacancies. The formation
of hydride species H− in CeO2 may explain its remarkable catalytic performance in the
partial hydrogenation of alkynes to alkenes [23–25].

Recently, we reported that H2 exposure at 250 ◦C to mixed Ru0.3Ti0.7O2 is able to
incorporate about 20 mol% hydrogen into the rutile lattice, thereby altering slightly the
lattice parameters [26]. This was considered a remarkable finding since RuO2 is not stable
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under such conditions and transforms readily to metallic Ru, while TiO2 is not able to
incorporate hydrogen into the lattice, at least not at 250 ◦C. Hydrogenation of Ru0.3Ti0.7O2
was shown to increase substantially the catalytic oxidation activity in the total oxidation of
propane and HCl oxidation reaction.

In the present study, we systematically vary the composition x of the mixed oxide
RuxTi1−xO2 (Ru_x). For various compositions ranging from x = 0.2 to x = 1.0 in steps of
0.1, we explore the hydrogenation behavior at 250 ◦C and compare the catalytic activity of
RuxTi1−xO2 with that of the corresponding hydrogenated catalysts in the total oxidation
of propane. Without hydrogen treatment, Ru_x reveals a strict composition−activity
correlation of activity in that the higher the Ru concentration the higher the activity;
highest activity is achieved with Ru_100. However, when treating Ru_x with hydrogen
at 250 ◦C for 3 h (Ru_x_250R), the highest activity is encountered for compositions where
both Ru and Ti have similar concentrations. Ru_60_250R turns out to be the most active
propane combustion catalyst exceeding even the activity of Ru_100. The hydrogen-induced
activity variation is tentatively attributed to hydrogen-induced strain in the mixed oxide
RuxTi1−xO2.

2. Experimental Results
2.1. Characterization of the Fresh Ruthenium−Titanium Mixed Oxide Samples

Figure 1a summarizes the X-ray diffraction (XRD) patterns of freshly prepared rutheni-
um−titanium mixed oxide catalysts Ru_x with different nominal Ru concentrations, x; the
diffraction pattern of pure commercial rutile-TiO2 is overlaid for comparison reasons. The
XRD pattern of Ru_100 contains reflections from both a rutile structure and metallic Ru
(hcp structure). With the addition of titanium to RuO2, the rutile structure is preserved, and
the (110) and the (101) reflections continuously shift towards the reflection of pure rutile
TiO2. Above a Ti concentration of 20 mol% no reflections from metallic Ru are discernible.
In addition, the rutile related diffraction peaks split into two components with increasing
Ti concentration.

Figure 1. (a) X-ray diffraction (XRD) patterns of the ruthenium−titanium mixed oxide catalysts Ru_x;
the composition x of Ru ranges from 20 mol% to 100 mol%. Dashed lines indicate the position of pure
rutile-TiO2 and RuO2. (b) XRD patterns of Ru_x_250R catalysts treated in 4 vol% H2/N2 at 250 ◦C
for various compositions x ranging from 20% to 100%.

The sharp reflections at 28.02◦ from rutile (110) and 35.07◦ from rutile (101) do not
vary with the Ti concentration and therefore are assigned to the pure RuO2 phase. The
position of the broader component in XRD shifts continuously towards rutile TiO2 and
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is hence ascribed to solid solution RuxTi1−xO2. The coexistence of pure RuO2 and mixed
RuxTi1−xO2 in a wide range of compositions evidences a miscibility gap consistent with
previous findings based on a similar polymer-assisted preparation method [27] and in
agreement with a recent DFT study [28].

In Figure S1, we present the peak deconvolution of the rutile (110) reflection and that
of the (101) reflection. For high Ru-content samples like Ru_90, Ru_80 and Ru_70, the
(110)/(101) peaks are found to be asymmetric, which clearly points toward a phase separa-
tion. For low Ru-content samples this phase separation is pronounced, with two separated
reflections corresponding to the RuO2 phase and RuxTi1−xO2 oxide phase, respectively.
Therefore, we assume that a pure RuO2 phase exists in the full composition range of Ru–Ti
mixed oxides. In the decomposition of the diffraction patterns, we fix the peak position of
pure RuO2 and assume that the mixed RuxTi1−xO2 oxide phase crystallizes in the rutile
structure. As a main result of the decomposition, the peak position of Ru–Ti solid solution
turns out to linearly shift to lower angles with the increasing Ti concentration (cf. Figure S2),
in accordance with Vegard’s law [29]. The deconvolution analysis in the present study
emphasizes that the prepared samples are not phase pure but facing a miscibility gap.

Together with the analysis of the rutile (101) reflection, we can derive the unit cell
parameters a/b and c of the mixed oxide RuxTi1−xO2 as a function of the composition x that
are summarized in Figure 2. The linear shift in a/b and c with the nominal composition
indicates the fulfillment of Vegard’s law, thus corroborating the formation of a solid solution
RuxTi1−xO2 with nominal composition x. Besides, the calculated unit cell volumes for the
Ru_x samples (cf. Figure S3) do not vary significantly with the nominal composition x. Note
that phase separation becomes more severe for the Ru_20 sample with its solid solution
phase starting to deviate from Vegard’s law.

Figure 2. Lattice parameters of rutile Ti1−xRuxO2 solid solution as a function of the nominal compo-
sition x given in mol%, as derived from the peak deconvolution of rutile (110) and rutile (101).

As seen from Figure S1, the FWHM of the RuO2 peak decreases, while that of the mixed
oxide increases with Ti concentration. Utilizing the Scherrer equation, this observation
translates to an increase of the crystallite size of RuO2, while that of the mixed oxide
decreases with increasing Ti concentration (until 50% Ti) (cf. Table 1). In order to consider
also the micro-strain in the calculation of the crystallite size, we use the Williamson−Hall
method [30], whose results are summarized in Figure S4 and Table S1; the Williamson−Hall
plots of RuO2 and the Ru–Ti solid solution phase are exemplified for the Ru_60 sample
shown in Figure S5. Since the micro-strain values ∆ε (≤0.004) of the powder materials are
relatively low compared to those described in the literature [31], the values derived from
the Scherrer equation are practically not affected by the micro-strain.
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Table 1. XRD derived data of Ru–Ti mixed oxide catalysts.

Catalysts Cell Parameter a/b
(nm) a

Cell Parameter c
(nm) b

Grain Size (RuO2)
(nm) c

Grain Size
(Ru–Ti) (nm) c

Ru–Ti/(RuO2 +
Ru–Ti) (%) d

Ru_100 4.500 3.107 18 ± 0.5 - 0
Ru_90 4.509 3.094 27 ± 1 25 ± 2 81.2
Ru_80 4.519 3.082 32 ± 0.5 15 ± 0.3 89.9
Ru_70 4.528 3.068 33 ± 1 12 ± 0.2 90.9
Ru_60 4.538 3.053 36± 1 10 ± 0.5 93.7
Ru_50 4.548 3.035 46 ± 8 9 ± 0.5 96.4
Ru_40 4.558 3.022 45 ± 6 10 ± 0.5 88.8
Ru_30 4.572 3.006 43 ± 5 12 ± 2 81.9
Ru_20 4.591 2.977 28 ± 6 16 ± 1 92.5

a: Calculated by rutile (110) reflection of the Ru–Ti solid solution phase. b: Calculated based on obtained a/b
value and rutile (101)/(101) reflections of the Ru–Ti solid solution phase. c: Determined by Scherrer equation from
the (110)/(101) reflections of the RuO2 phase after peak deconvolution. d: Determined by peak deconvolution of
the (110)/(101) reflections.

From XRD we gain the following structural information of the Ru–Ti mixed oxides:
RuO2 nanoparticles and Ru–Ti solid solutions co-exist throughout the entire composition
range, while metallic ruthenium is eliminated when more than 20 mol% titanium is incor-
porated. The Ru–Ti solid solutions fulfill Vegard’s law, thus evidencing that ruthenium and
titanium form a solid solution despite phase separation.

While XRD is a bulk characterization method, X-ray photoelectron spectroscopy
(XPS) can determine the surface/near-surface compositions of Ru_x catalysts with varying
nominal x values (as presented in Figure S6, fitting parameters are compiled in Table S2).
From the Ru 3d XP spectra, Ti-rich samples (Ru_40, Ru_30 and Ru_20) show a weak peak at
~288.0 eV whose origin may be attributed to the formed carbonates (O=C=O) from exposure
to air or from residual carbon of preparation. It is evident that ruthenium is in the Ru4+

oxidation state in each sample Ru_x; this assignment is corroborated by the pronounced
satellite features [32]. No metallic ruthenium is detected on the catalyst surface, proving
that the metallic ruthenium species (see in Figure 1a) is encapsulated by the oxide. Buried
metallic ruthenium is not expected to participate in the catalytic reaction.

Additionally, the binding energies of Ru3d5/2 and Ru3d3/2 do not vary with the
composition, while, surprisingly, the Ru satellite features monotonically shift to lower
binding energies with lower ruthenium concentration (see in Figure 3), from 282.69 eV for
Ru_100 to 282.34 eV for Ru_30. As the satellite feature is attributed to surface plasmon
excitation [33], this shift is correlated to a reduced valence electron density in RuxTi1−xO2.

Figure 3. Shift of binding energies of (a) Ru 3d satellite features. (b) Ru 3p satellite features derived
from peak deconvolution of XPS data when varying the composition x of Ru_x.
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The O 1s spectrum in Figure S7 depicts two chemical states of near surface oxygen:
one is the O2− from the lattice oxygen at ~529 eV, and the other, a shoulder peak at higher
binding energy (around 531.8 eV), which is ascribed to the surface OH groups/oxygenated
carbon [34]. The integral ratio of OH to the entire surface oxygen is continuously decreasing
on lowering the ruthenium concentration, from 39.30% (for Ru_100) to 2.50% (for Ru_50),
thus indicating that the incorporation of titanium reduces greatly the amount of surface
OH on the catalyst surface.

Since the Ru 3p and Ti 2p XPS features are in the same binding energy region, the
surface composition of ruthenium and titanium can be quantified by peak deconvolution.
As presented in Table S2 and Figure S8, the Ru 3p region also exhibits satellite features,
which behave identically to those in the Ru 3d region; the shifts to lower binding energy
further evidence that doping of titanium leads to lower electron density. As compiled in
Table 2, the actual surface concentrations deviate quite substantially above a nominal Ru
concentration of 60%, while below 50 mol% Ru the surface composition agrees well with
the nominal composition.

Table 2. Compositional information from the surface and bulk region of ruthenium−titanium mixed
oxide catalysts.

Catalysts SBET (m2/g) Ru/(Ti + Ru)(mol%) a Ru/(Ti + Ru)(mol%) b (OH + Oxygenated
Carbon)/O 1s Total b

Ru_100 9 100 100 39.90
Ru_90 6 89.3 70.65 14.67
Ru_80 10 78.8 59.81 5.42
Ru_70 14 68.1 60.53 4.85
Ru_60 19 56.7 54.4 4.42
Ru_50 26 46.8 47.74 2.50
Ru_40 32 40.9 37.96 4.69
Ru_30 31 30.0 29.08 3.38
Ru_20 34 17.4 17.61 4.11

Ru_60_250R 19 56.2 52.12 4.43

a: Calculated from SEM-EDS mapping. b: Calculated from XPS.

From these XPS results one may ask whether this deviation of the surface composition
from the nominal ones originates from an insufficient control of the composition during
synthesis. In order to settle this question, we applied dispersive X-ray spectroscopy (EDS)-
scanning electron microscopy (SEM) to gain compositional information of all samples.
Since the detection depth from EDS reaches several micrometers, we can consider it as a
bulk characterization method. The average composition quantified by EDS summarized
in Table 2 indicates that, in the full range (20 ≤ x ≤ 100), our synthesized catalysts agree
well with the nominal compositions x, thus excluding the possibilities that the deviation of
surface concentration is caused by uncertainties in the synthesis procedure.

Besides, with SEM and TEM we also investigate the morphologies of our catalysts.
The Ru_100, SEM images in Figure S9 reveal a dense and rough surface with additional
macropores, round small particles agglomerate like a sponge. The particle size gradually
becomes smaller with increasing titanium concentration until 1 − x = 50%. This is in
agreement with the crystallite size derived from XRD data, indicating that a proper amount
of titanium will efficiently decrease the crystallite size of Ru–Ti mixed oxides. Moreover,
TEM micrographs confirm that the particle size of mixed oxides decreases with the ad-
dition of titanium. Table 2 summarizes also the Krypton physisorption experiments of
all as-prepared samples. The Brunauer−Emmett−Teller (BET) surface area varies quite
substantially, changing from 9 m2/g (for Ru_100) to 34 m2/g (for Ru_20).

2.2. Hydrogen-Induced Changes of Ruthenium−Titanium Mixed Oxides

We focus on the hydrogen-induced change of the Ru_x samples. The hydrogen
treatment consists of an exposure of 4% H2/N2 for 3 h at 250 ◦C. The specific reduction
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temperature of 250 ◦C has been shown to result in a large hydrogen uptake for the case
of Ru_30 [26]. As shown in Figure 1b, Ru_00, e.g., pure rutile-TiO2, is not affected by this
hydrogen treatment, while Ru_100 is fully transformed to metallic Ru phase, consistent
with our previous study [26].

The diffraction peak of RuO2 at 2θ = 28.02◦ disappears in Figure 1b when exposed
to 4% H2/N2 at 250 ◦C, while the intensity of Ru metal-related diffraction increases. As
expected, the metallic Ru diffraction intensity is higher the higher is the Ru content x of
Ru_x. This means that the RuO2 particles are easily reduced to metallic ruthenium at a
temperature of 250 ◦C, consistent with previously published studies [35,36].

Quite in contrast, the rutile diffraction peaks of the mixed oxide phases (110) and (101)
persist and shift only in position to the lower and higher angles, respectively, upon exposure
to 4% H2/N2 at 250 ◦C. The degree of peak shift depends on the Ru concentration. Close to
50 mol% Ru, the observed shift is the highest. Actually, the shifted diffraction peak of rutile
consists of two components, most likely evidencing different hydrogen concentrations in
the mixed oxide crystallites. The bulk composition of Ru_x (cf. Table 2) does not change
when exposed to H2 at 250 ◦C (Ru_x_250R). As discussed recently [26], these shifts of
the reflections are caused by the incorporation of hydrogen and not by reduction of the
metal ions.

The Ru_x_250R samples are subsequently subject to a mild re-oxidation treatment
that is conducted at 300 ◦C and the XRD patterns are presented in Figure S10a, and the
changes of macrostrain (position) and micro-strain (FWHM) among the initial, reduced
and re-oxidized samples as exemplified by Ru_20, Ru_40, Ru_60 and Ru_80 are compiled
in Figure S10b. The rutile structure of Ru_x is restored after re-oxidation treatment, while
most but not all of the metallic Ru transforms back to RuO2. For the case of Ru_30_250R, it
was shown that full recovery of Ru_30 requires oxidation temperatures of 400 ◦C [26].

With thermogravimetric-mass spectrometry (TG-MS) the amount of incorporated
hydrogen can be quantified by the integrated water signal that is produced by reacting
incorporated hydrogen with oxygen during heating of the sample in ambient air. We
exemplify this experiment with Ru_60_250R since the catalytic activity of this sample
is thoroughly tested. A nitrogen-treated Ru_60_250N sample serves as reference. As
summarized in Figure 4, a small mass signal for H2O (m/z = 18) is evident at 80 ◦C
for Ru_60_250N, while, for Ru_60_250R, a broad and strong water signal appears. This
water peak of Ru_60_250R contains actually two components, one is associated with water
desorption (90 ◦C) and the other is related to the oxidation of incorporated hydrogen
(maximum at 160 ◦C). Employing a deconvolution procedure, as indicated in Figure 4, the
molar fraction of inserted hydrogen is determined to be 35 mol% based on the integrated
water difference area of Ru_60_250R and Ru_60_250N. Recently, the molar fraction of
inserted hydrogen for Ru_30_250R was found to be 18 mol% [26]. Another hydrogenation
experiment for Ru_40_250R (reference Ru_40_250N) is shown in Figure S11 and yields
23 mol% of inserted hydrogen in Ru_40_250R. Given that Ru_100 and pure TiO2 rutile
cannot incorporate any hydrogen, the obtained amount of incorporated hydrogen among
different Ru_x_250R catalysts (Figure S12) reveals a “volcano” type of the H-fraction with
the increase of the Ru concentration in the Ru–Ti mixed oxides. The maximum amount of
incorporated hydrogen is encountered at the Ru concentration of 60%.

Figure 5 compares the Ru3d XP spectrum of Ru_60 with those of the hydrogen-treated
Ru_60_250R sample and the re-oxidized one, Ru_60_250R_300O. Three Ru components,
namely metallic Ru, Ru4+, and the satellite of Ru4+ and two carbon species are considered
to fit the spectra. The Ru_60 sample reveals only the Ru4+ component (red) together with
the corresponding satellite feature (blue), consistent with the corresponding XRD (pattern
Figure 1a) that is composed only of diffraction peaks of the mixed oxide Ru0.6Ti0.4O2
and pure RuO2. Upon hydrogen exposure at 250 ◦C, a strong metallic Ru peak becomes
apparent in the Ru 3d spectrum. The metallic Ru component comes from the reduction
of RuO2 towards metallic Ru, as indicated by XRD, while the Ru4+ component originates
from Ru in Ru0.6Ti0.4O2. Upon re-oxidation of Ru_60_250R at 300 ◦C (Ru_60_250R_300O),



Inorganics 2023, 11, 330 7 of 16

most of metallic component transforms back to Ru4+. We conclude from these experiments
that the Ru4+ oxidation state Ru0.6Ti0.4O2 is preserved, regardless of the applied treatment
(hydrogenation, re-oxidation).

Figure 4. Peak deconvolution of H2O signal (m/z = 18) of Ru_60_250R and Ru_60_250N from TG-MS
analysis.

Figure 5. XP spectra of Ru_60 (a) in comparison with hydrogen treated sample at 250 ◦C.
(b) Ru_60_250R and re-oxidized sample at 300 ◦C. (c) Ru_60_250R_300O. Using the CasaXPS software,
the Ru3d spectra are decomposed into five components: Ru4+ (red), satellite Ru4+ (blue), metallic Ru
(green) and two C1s species.

Hydrogen reduction of Ru from Ru0.6Ti0.4O2 can, however, be excluded for the follow-
ing reasons. The reduction treatment at 250 ◦C preserves the rutile structure, albeit with
low intensity (cf. Figure 6). Upon re-oxidation at 450 ◦C (Ru_60_250R_450O), however, the
rutile diffraction peaks of Ru_60 are practically restored. In particular, rutile diffraction
peaks shift back to those positions of Ru_60 (with identical intensity), thus evidencing that
the mol% of Ru in the mixed rutile structure has been preserved (Vegard’s law).

From HRTEM and element mapping (cf. Figure S13), it is evident that Ru_60 and
Ru_60_250R consist mainly of mixed RuxTi1−xO2 oxide whose composition has not changed.
For Ru_60 larger RuO2 particles are discernible.

In addition to the Ru 3d spectra (cf. Figure 5), Ti 2p XP spectra are compiled in
Figure S14 for Ru_60, the hydrogen treated Ru_60_250R sample and the re-oxidized one,
Ru_60_250R_300O. All Ti 2p spectra show only Ti4+, and there is no indication of Ti3+. The
overall near-surface composition of Ru_60_250R is collected in Table 2. Corresponding
O1s spectra in Figure S15 exhibit two components, one related to O2− and the other
assigned to OH/carbonate species. The OH/carbonate feature does not vary when Ru_60
is exposed to hydrogen or is re-oxidized, suggesting that incorporated H does not change
the concentration of OH species or carbonate species.
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Figure 6. XRD patterns of Ru_60_250R mildly re-oxidized at various temperatures in air. For
comparison, Ru_60 and Ru_60_250R are also included.

From all these experiments we infer that the reduction process results in the incorpo-
ration of hydrogen within in the mixed oxide and both Ru and Ti in the mixed Ru–Ti oxide
phase remain in the 4+ oxidation state.

2.3. Catalytic Tests: Propane Combustion

In the following, we conducted catalytic tests of Ru_x and Ru_x_250R for the total
oxidation of propane, serving here as a model reaction. The full set of light-off curves is
presented in the ESI (cf. Figure S16a,b). Except for Ru_100, the hydrogenated Ru_x_250R
sample is more active than Ru_x. The temperature differences for T90 is collected in Figure
S16c (T90 is the temperature where 90% conversion is realized). From these conversion
data, one can recognize that the Ru_x with x close to 60% exhibits highest activity after
hydrogenation, that is even higher than that of Ru_100.

In Figure 7 we exemplify light-off curves for propane combustion of Ru_60, Ru100
and Ru_20 before and after hydrogenation. Ru_100 reveals the highest activity among the
non-hydrogenated samples with T90 = 182 ◦C. Upon hydrogenation, the light-off curve of
Ru_100_250R shifts to higher temperatures (T90 = 194 ◦C). Ru_20 is significantly less active
than Ru_100; T90 = 231 ◦C; upon hydrogenation, T90 decreases to 211 ◦C for Ru_20_250R.
Ru_60 reaches 90% conversion at 203 ◦C, while 90% conversion is achieved at 168 ◦C for
Ru_60_250R, i.e., 35 ◦C lower than for Ru_20 and even 14 ◦C lower than that for Ru_100.

Since the inserted H in RuxTi1−xO2 is a labile species that leaves the sample already
at about 100 ◦C by water formation under ambient atmosphere [26], we performed an
additional experiment, where the Ru_60 sample is in situ hydrogenated at 250 ◦C in the
reactor; this procedure allows us to keep the hydrogenation level high in the mixed oxide
sample Ru_60. For the catalytic test of propane oxidation, we choose a reaction temperature
of 150 ◦C to avoid full conversion (cf. Figure 8).

Figure 8 indicates that the activity of Ru_60_250R at 150 ◦C in the first cycle is quite
high with a STY value of 5.2 mol(CO2)

·kg−1
(Cat)·h

−1, and it declines in the second cycle to

2.4 mol(CO2)
·kg−1

(Cat)·h
−1 likely due to the removal of incorporated hydrogen [26]. Conduct-

ing an in situ hydrogen treatment at 250 ◦C of Ru_60_250R leads to a re-activation of the
catalyst with a steady state STY of 6.1 mol(CO2)

·kg−1
(Cat)·h

−1 that is even higher than the
initial activity during the first cycle. Hydrogen exposure at higher temperature will lead to
lower activity of the Ru_60_400R sample (STY = 3.1 mol(CO2)

·kg−1
(Cat)·h

−1) (cf. Figure S17).
After in situ hydrogen treatment at 150 ◦C, Ru_60_400R is reactivated with a higher STY
value of 4.7 mol(CO2)

·kg−1
(Cat)·h

−1, that is lower than that of Ru_60_250R (cf. Figure S17).
Altogether, hydrogen treatment at 250 ◦C seems to optimize the promotional effect of
hydrogen in the total oxidation of propane.
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Figure 7. Selection of full conversion curves of catalytic propane combustion over Ru_x and
Ru_x_250R (x = 100%, 60% and 20%) as a function of reaction temperature, when cycling the reaction
temperature from 30 ◦C to 250 ◦C. The full set of conversion curves can be found in Figure S16.

Figure 8. STY as a function of reaction time on catalytic propane oxidation over Ru_60_250R when
cycling the reaction temperature from 30 ◦C to 150 ◦C (blue dotted line). The gray background
represents total C3H8 oxidation conditions: 1 vol% C3H8, 5 vol% O2, balanced by N2; total volume
flow: 100 sccm/min, temperature ramp: 1 K/min. The green background represents the gas mixture
during heating and cooling stage: 4% H2/Ar, total volume flow: 50 sccm/min. When reaching
150 ◦C, the gas composition is switched to the reaction mixture (gray background).

3. Discussion
3.1. Formation of Ru_x and Ru_x_250R

A mixed ruthenium–titanium oxide material with nominal varying concentration x
of Ru (Ru_x) is successfully prepared by a conventional sol-gel method. Below x = 70%,
Ru_x consists of pure RuO2 and a mixed oxide RuxTi1−xO2. For higher concentration of Ru,
in addition, a metallic Ru is formed. The metallic Ru phase is caused by the preparation
method. For sol-gel synthesis, O2 cannot penetrate into the polymer network when metal
cations nucleate during the calcination stage, thus causing a net reducing environment for
the growing particle where the metal cations Ru3+ is reduced to Ru0 [34]. From EDS-SEM
and XPS, the bulk and surface compositions for x < 50% are similar and close to the nominal
composition of Ru_x, while for x > 50%, the surface composition of Ru is significantly lower
than the bulk concentration.
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For Ru_x we see a clear linear correlation of the lattice parameters of RuxTi1−xO2 with
the composition x of ruthenium. The cell parameters a/b of RuO2 are smaller than those of
TiO2 while the c value of RuO2 is larger than that of TiO2, therefore for a mixed oxide, a/b
and c cell parameters of the Ru–Ti phase indicate an “anti-symbatic” behavior (Figure 2).
In addition, there is a clear linear correlation of the binding energy of the satellite peak in
Ru3d with the composition x of ruthenium. (cf. Figure 3) With increasing Ru concentration,
the energy of the surface plasmon increases, consistent with the surface plasmon energy
being expected to increase in energy with increasing electron density [33].

From XPS, we conclude that both Ti and Ru in Ru_x for x ≤ 70% are in the 4+ oxidation
state independent of the composition x. Metallic Ru, if present, is buried, as evidenced by
XPS, and does therefore not participate in the catalytic reaction.

Hydrogen exposure to Ru_x at 250 ◦C (Ru_x_250R) leads to hydrogen incorporation
in Ru_x for Ru concentration x = 20% up to 80%. (cf. Figure 1) The extremes Ru_00 (e.g.,
pure rutile-TiO2) and Ru_100 are not able to incorporate hydrogen: TiO2 is not affected
at all by hydrogenation at 250 ◦C, as reduction to Magneli phases requires much higher
temperatures [37,38]. Ru_100 is completely transformed to metallic Ru, and with increasing
Ru concentration, more metallic Ru is formed upon hydrogen exposure at 250 ◦C. However,
18, 23 and 35mol% of hydrogen are inserted in Ru_30_250R [26], Ru_40_250R, (Figure S11)
and R_60_250R, (Figure 4), respectively. From Ru 3d XPS data, there is no indication of an
oxidation state of ruthenium other than Ru0 and Ru4+. The rutile structure of mixed oxide
RuxTi1−xO2 is maintained upon H2 exposure at 250 ◦C, suggesting that the Ru4+ can be
preserved in rutile structure when mixed with less reducible TiO2. Therefore, the peak shifts
in XRD (Figure 1b) after reduction treatment are caused by the incorporation of hydrogen
in the rutile structure and not by the reduction of the metal ions, which is consistent with
literature [26]. The only change observed for mixed RuxTi1−xO2 is a hydrogen-induced
shift in the lattice parameters (cf. Figure 2), i.e., the introduction of hydrogen-induced strain
into the mixed oxide lattice. Hydrogen absorption in mixed oxide RuxTi1−xO manifests
therefore a synergy effect in that Ru enables the activation of H2 while Ti stabilizes Ru4+

against reduction to metallic Ru.
The possible types of inserted hydrogen could be proton, neutral H or hydride H−

species. Based on the XPS data, there are no changes in the oxidation states of Ru4+ and
Ti4+ in the rutile phase (as shown in Figure 5 and Figures S14 and S15). Moreover, from the
O 1s spectrum, there is no obvious increase of the OH-related signals, so that we exclude
the existence of protons and neutral H in the mixed oxide lattice. Instead, we favor that the
incorporated hydrogen is a hydride species H−δ, which is reconciled with the energetic shift
of the Ru satellite peak in the Ru3d spectrum and that is correlated with a reduced electron
density for exciting the surface plasmon. Obviously, some of the delocalized electrons are
localized at H−δ.

Ru_60 can almost be recovered from Ru_60_250R by mild re-oxidation at 450 ◦C.
Re-oxidation at 100 ◦C starts to remove H-induced changes in strain, both macro- and
micro-strain, as reflected by changes in diffraction peak position and FWHM. This behavior
was also observed in a previous study of Ru_30, and it was traced to the removal of
absorbed hydrogen via water formation [26].

3.2. Improved Oxidation Catalysis of Ru_x_250R in Comparison to Ru_x

The light-off curves of Ru_x and hydrogen inserted Ru_x catalysts are measured for
the total oxidation of propane (cf. Figure 7 and Figure S16). These experiments provide
compelling evidence that H insertion is beneficial for the oxidation catalysis of propane,
with the optimum catalyst being identified with Ru_60_250R. For Ru_100, hydrogenation
at 250 ◦C leads to lower propane combustion activity.

Hydrogen exposure at 250 ◦C produces a labile hydrogen species in the mixed oxide
lattice that can readily be removed by increasing the temperature in the ambient atmosphere
(cf. Figure 6). Already a mild re-oxidation at 100 ◦C restores part of the hydrogen-induced
strain in the mixed oxide. From activity experiments in Figure 8, we can conclude that
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hydrogen is lost during temperature ramping in the first cycle, although the catalyst runs
stably at the final reaction temperature of 150 ◦C. In order to stabilize inserted H during
reaction, the surface needs to be continuously supplied by hydrogen from propane activa-
tion. Propane dissociation is activated and needs a temperature of at least 100 ◦C [39,40].
Therefore, during the heating and cooling ramp in the temperature window of 50–100 ◦C,
the catalyst is exposed to a reaction mixture that is not able to supply the surface with
hydrogen. The temperature range of 50–100 ◦C is, however, high enough to consume
inserted hydrogen by water formation due to oxygen in the feed. From this discussion, it is
clear that higher activities are expected when the Ru_60_250R catalyst is in situ hydrogen-
treated in the reactor during temperature ramping. The activity of propane oxidation (cf.
Figure 8) is indeed significantly higher and stable when the catalyst is heated under a
hydrogen atmosphere first to the specific reaction temperature and then the gas atmosphere
is switched to the actual reaction mixtures. Propane decomposition at high temperature can
supply the catalyst surface constantly with hydrogen. Therefore, dissolved hydrogen does
not experience a driving force to diffuse towards the surface, thus stabilizing the inserted
hydrogen in the lattice of the mixed oxide.

We can safely assume that inserted hydrogen does not take place in the catalytic cycle,
since we focus here only on the catalytic propane oxidation reaction. The incorporated
hydrogen stabilized by the presence of hydrogen at the surface is, however, the key factor
to promote the oxidation catalysis. We expect, however, that for catalytic hydrogenation
reaction, the beneficial effect of inserted H may be even more pronounced since inserted
hydrogen is able participate in the catalytic cycle.

Hydrogen incorporation is accompanied by the development of macro- and micro-
strain of Ru_x, as evidenced by the shift and broadening of the rutile diffraction maxima
in the powder XRD (cf. Figure 1), while, after mild re-oxidation at 300 ◦C, the macro- and
micro-strain of Ru_x_250R is largely removed, as reflected by the recovery of the peak
position and FWHM (cf. Figure S10). Whether H insertion itself or the induced changes of
lattice parameters leads to electronic modifications cannot be disentangled at this point and
needs to be scrutinized by future ab initio studies. In any case, the electronic structure is
affected by H insertion, as corroborated in the observed binding energy shift of the satellite
feature in Ru3d (cf. Figure 3). The increased activity can therefore be related to the altered
electronic structure of RuxTi1−xO2. A direct correlation of strain with activity is, however,
not evident for Ru_x_250R and needs further studies.

4. Materials and Methods
4.1. Materials

Ruthenium (III) trichloride hydrate (RuCl3·xH2O, Ruthenium content: 40.00–49.00%,
ReagentPlus®), anhydrous citric acid (C6H8O7, ≥99.5%), ammonia solution (NH4OH, 25%)
and titanium butoxide (C16H36O4Ti, 97%) are purchased from Sigma-Aldrich (St. Louis,
MO, USA) and used without further purification.

4.2. Catalysts Preparation

Ru–Ti mixed oxide materials with varying compositions are prepared by a conven-
tional citric acid assisted sol-gel method (cf. Figure 9) and are denoted as Ru_x, where x
represents the nominal molar percentage of ruthenium varying from 20% to 100%. For the
procedural synthesis of Ru_60: 0.024 mol citric acid (anhydrous) is dissolved into 50 mL
deionized water, and the solution is stirred and kept at 60 ◦C. Then, 5 mL anhydrous
ethanol containing 0.8 mmol titanium butoxide is quickly injected into the citric acid solu-
tion. After thorough mixing, 0.0012 mol RuCl3·xH2O is added to the solution and stirred
for another 30 min at 60 ◦C. The full complexation of the ruthenium and titanium cations is
accomplished by slowly heating the mixture to 80 ◦C, afterwards, the aqueous ammonia
solution of 2 mol/L is added dropwise to adjust the pH of the solution to ~6. Finally, the
dark brown but transparent solution is evaporated at 90 ◦C and the obtained dark green
gel is dried at 120 ◦C for 12 h. Subsequently, the dark foamy material is carefully ground
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before calcination at 450 ◦C for 4 h in static air at 2 ◦C/min, and the product is ground
again for further catalytic tests and characterizations. Note that, contrary to the commonly
used version of the Pechini method, here, no glycol is added. The preparation of the other
Ru_x catalysts follows the same procedure but adjusting the molar ratio of the ruthenium
and titanium precursors.

Figure 9. Illustration of the citric acid assisted sol-gel method to prepare mixed oxides of RuO2 and
TiO2 with varying concentration x of Ru: Ru_x.

Hydrogen insertion experiments are performed as follows: 50 mg of fresh Ru_x
powder material is treated at various temperatures under 4 vol% H2/N2 for 3 h, the total
flow rate being set to 50 sccm/min. After hydrogen treatment, the catalyst is cooled down
to room temperature under the same atmosphere. The obtained catalyst is referred to as
Ru_x_yR, where x represents the nominal molar percentage of ruthenium, y represents the
reduction temperature. The re-oxidation experiment follows the same procedure while the
gas atmosphere is changed to dry air. The catalyst is now denoted as Ru_x_yR_zO, where
z stands for the re-oxidation temperature. For comparison, a blank experiment is also
conducted by calcining the Ru_x under pure N2 and the catalyst is referred to as Ru_x_yN.

4.3. Catalysts Characterization

Powder XRD patterns are recorded on a Panalytical Empyrean diffractometer (Malvern,
UK) equipped with a Cu Kα radiation (40 kV, 40 mA). The correction of the 2θ shift that
may originate from different positions of the sample holder is assisted by mixing LaB6
standard powder (NIST) with all the catalysts before measurement. The Scherrer equation
is applied to calculate the crystallite size.

Kr physisorption experiments are performed at T = 77 K with an Autosorb 6 instrument
(Quantachrome, Ostfildern, Germany), all the catalysts are pre-treated in vacuum for 12 h at
100 ◦C. The specific surface area is calculated by the BET method. Note that we deliberately
used Kr, instead of nitrogen or argon, because the materials we anticipated to exhibit small
surface areas, and Kr has a higher sensitivity in this respect.

Scanning transmission electron microscopy (STEM) micrographs are recorded on a
ThermoFisher Talos F200X electron microscope (Waltham, MA, USA). SEM images are
obtained on a Gemini SEM 560 instrument (Carl Zeiss MicroImaging GmbH, Göttingen,
Germany). The average composition of the catalyst is quantified by energy dispersive X-ray
spectroscopy (EDS).

XPS spectra are acquired on a PHI VersaProbe II instrument (Feldkirchen, Germany)
equipped with a monochromatized Al-Kα line, the photon energy is 1486.6 eV. XPS spec-
trum data analysis is performed by using a CasaXPS software (Version 2.3.17), and the
standard Carbon 1s (at 284.8 eV) is used to re-determine all the binding energy. After
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calcination, the Ru_x samples do not show any residual chlorine in the XP overview
spectra.

A TG-MS experiment is conducted on a STA 409PC thermoscale (Netzsch, Selb, Ger-
many) analyzer coupled with a QMG421 quadrupole mass spectrometer (MS) from Balzers
(Balzers, Liechtenstein) with an ionization energy of 70 eV. The catalyst is heated under
dry air (30 sccm/min) from 25 to 500 ◦C, while the heating rate is 10 ◦C/min. The de-
tailed procedure for calculating the amount of inserted hydrogen is as follows: dry air is
applied (30 mL/min) during the TG-MS experiment. Since the flow rate/MS signal of N2
is constant in air (78.1%), we can use the concentration of N2 as reference to obtain the
flow rate of H2O (gaseous) by dividing the MS signal of H2O by N2. After having the ratio
of H2O/N2, the total H2O volume is determined by integration, from which the molar
amount of produced H2O and hence the molar amount of inserted hydrogen are derived;
note the sample storage conditions of Ru_x_250R and Ru_x_250N are identical to guarantee
accurate data processing.

4.4. Catalytic Tests

The catalytic performance of propane oxidation on the mixed Ru–Ti oxide catalysts is
evaluated in a home-made quartz reactor (inner diameter = 6 mm). The feed gas contains
1 vol.% C3H8 (purity: 3.5), 5 vol.% O2 (purity: 4.8) and 94 vol.% N2 (purity: 4.8) and is ad-
mitted to reactor with a total mass flow rate of 100 cm3 STP min−1 (sccm). During catalytic
measurement, the temperature of a mixture consisting of 20 mg of catalyst and 40 mg of
quartz sand is programmed from 25 ◦C to 250 ◦C with a heating rate of 1 ◦C/min. The
corresponding weight hourly space velocity is 345000 mL·g−1·h−1. For product analysis,
a nondispersive infrared sensor is coupled downstream to detect the volumetric concen-
tration of CO/CO2 and C3H8. The conversion of propane (%) is determined based on the
following equation:

XC3H8 =
c(CO 2)

cmax(CO 2)
× 100% (1)

where c(CO2) is the real-time concentration of CO2 in the outlet gas and cmax(CO2) is the
steady-state concentration of CO2 when full conversion is achieved. Propane conversion
calculated by the change of the propane concentration is simultaneously conducted to
countercheck data accuracy. During the whole temperature range, there is no CO detected
and the concentration of CO2 at full conversion state is virtually three times the inlet
propane concentration, thus evidencing that the carbon mass is balanced and no other
byproduct is formed. Finally, we use space time yield (mol(CO2)

·kg−1
(Cat)·h

−1, molar amount
of CO2 per kilogram catalyst and hour, STY) to quantify the activity of the catalyst in total
propane oxidation reaction.

5. Conclusions

A rational synthesis approach is introduced to favor hydrogen incorporation in the
oxide lattice by mixing a reducible oxide with a less reducible oxide, as exemplified with the
solid solution of RuO2 and rutile TiO2. Neither RuO2 nor rutile-TiO2 is able to incorporate
hydrogen into the lattice just by hydrogen exposure at elevated temperatures: rutile-TiO2
is not affected at all, while Ru_100 is fully reduced to metallic ruthenium. We show that
mixed RuxTi1−xO2 is stable against H2 exposure at 250 ◦C for compositions 0.2 < x < 0.8
and hydrogen can be incorporated into the lattice. Hydrogen incorporation in mixed
oxide RuxTi1−xO2 reveals a synergy effect in that Ru enables the activation of H2, while Ti
stabilizes the oxidation state of Ru (Ru4+) against reduction to metallic Ru.

Hydrogen insertion into the rutile lattice of RuxTi1−xO2 is accompanied by a change of
the lattice constants (XRD) and increased micro-strain. Hydrogen insertion affects directly
or indirectly via macro- and micro-strain the electronic structure of RuxTi1−xO2 that in
turn is expected to be responsible for the improved catalytic activity, not only for oxidation
catalysis as exemplified with the propane oxidation, but may be equally beneficial for
the selective hydrogenation and oxidation of other organic compounds. For propane
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combustion, we show that the activity of Ru_x is significantly increased by H2 exposure at
250 ◦C. The optimum catalyst is identified with Ru_60_250R, whose activity is substantially
higher than that of Ru_100.

Hydrogen treatment can also be conducted in situ by H2 exposure during temperature
ramping and switching to the reaction mixture when the reaction temperature is reached,
thus providing an additional parameter to tune the catalytic performance of a mixed
oxide catalyst in the reactor. This approach is of general interest in catalysis research and
inorganic chemistry to fine-tune properties of (mixed) oxides and may therefore open
exciting perspectives for tuning the catalytic activity of mixed oxide catalysts, not only in
thermal catalysis but also in electrocatalysis of acidic water splitting at the anode side.
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lated cell volumes of the mixed oxide RuxTi1−xO2 phase; Table S1: Calculation of grain size and
micro-strain of Ru–Ti mixed oxide catalysts by the Williamson−Hall method; Figure S4: Calculated
crystallite size of RuO2 phase and Ru–Ti solid solution phase; Figure S5: Williamson−Hall plot
of RuO2 phase and Ru–Ti solid solution phase as exemplified by Ru_60 sample; Table S2: Op-
timized fitting parameters for the XPS data deconvolution; Figure S6: Ru 3d XP spectra of Ru_x
catalysts; Figure S7: O 1s spectra of Ru_x catalysts; Figure S8: Ru3p and Ti2p spectra of Ru_x catalysts;
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culated amount of incorporated hydrogen when varying the composition x of Ru_x; Figure S13:
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