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Abstract: Silica is generally regarded as an inert support in the field of heterogeneous 
catalysis, including hydrogenation-dehydrogenation catalysis, on which hydrogen 
spillover is debated. Since supported hydrogenation and dehydrogenation catalysts 
are generally activated in H2 as reducing gas at medium-high temperatures (350–500 
°C), we suspected that hydride formation could occur during such catalyst 
pretreatments. In this work, we investigated silicon oxyhydride (SiHxOy, SiHx for 
brevity) formation during the reduction pretreatment of a set of Ni/SiO2 catalyst 
materials using in situ diffuse reflectance infrared Fourier transform spectroscopy 
(DRIFTS). We observed two distinct vibrational bands located at ~ 2275 and ~ 2257 
cm−1, which we assigned to SiH and SiH2 species, as supported by density functional 
theory (DFT) calculations. Since these vibrational bands are absent after 
hydrogenation of pure silica, we propose that the formation of hydrides was caused 
by hydrogen spillover from Ni metal nanoparticles supported on silica. The decrease 
in the band areas with rising temperature was used in a van t ‘Hoff plot to yield enthalpy 
values of ~ 26 and ~ 42 kJ/mol for the apparent reaction of hydride species, suggesting 
an equilibrium with IR-inactive or very mobile species. The reactivity of the SiHx 
species was also investigated, by dosing methanol, water and CO2 as probe 
molecules on the pre-reduced Ni/SiO2 catalysts. Methanol reacted the fastest with the 
hydride species, followed by water, while CO2 did not show any interaction with the 
hydrides. We anticipate this work will contribute to changing the view of silica as an 
inert support material, and to the understanding of H spillover in more general. 
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Introduction 

In heterogeneous catalysis, supports are used as physical carriers for the active 
phase thereby providing stability and isolation of active sites, as well as to tune  the 
electronic and structural properties of active sites.1 One of the most common catalytic 
supports is silica (SiO2), which is generally regarded as a stable, non-reducible, and 
inert porous support in comparison to reducible supports, such as ceria, niobia, and 
titania, which have active sites known to cooperate during catalysis.2 One example of 
cooperative catalysis is the adsorption of reactants at the metal/oxide interface: in CO2 
hydrogenation, CO2 can adsorb on oxygen vacancies of ceria to form carbonate 
species, which can react further to methane in close proximity to the active phase.3 In 
contrast, SiO2 is mostly considered inert, with the catalytic CO2 hydrogenation reaction 
believed to occur only on the Ni surface.4  

A widespread example of chemical metal/support interaction is hydrogen spillover. 
Hydrogen spillover was first reported in 1964 for a Pt/WO3 system and involves the 
migration of hydrogen activated on the active metal over the support.5,6 Hydrogen 
spillover is well-accepted for reducible supports, such as CeO2, TiO2, WO3, MoO3 and 
nanostructured ZrO2.6,7 For non-reducible supports, such as SiO2, MgO and Al2O3, 
however, hydrogen spillover is heavily debated.6,8-11 Some studies claimed to observe 
hydrogen spillover on Al2O3 and SiO2, for example by the exchange of -OH with -OD 
groups on Rh/Al2O3 upon D2 activation on Rh.8 Moreover, spillover of *H from Pt to 
FeOx over Al2O3 was observed using X-ray absorption spectro-microscopy, albeit 10 
orders of magnitude slower and over shorter distances than across TiO2.9 Additionally, 
*H spillover from Pt over SiO2 was used to explain an increase in CO2 hydrogenation 
rates on Pt-Co/SiO2 catalysts compared to Co/SiO2.10 However, as discussed by Prins, 
H-D exchange alone is not sufficient proof of *H spillover, as H-D exchange can take 
place without net movement of H/D atoms.6 Furthermore, *H spillover onto non-
reducible supports was claimed to be unlikely since the interaction between *H and 
these supports was very weak, or even negative (repulsive) in the case of SiO2.11 

The nature of spilled-over and absorbed H is discussed in a few studies. There are 
three main types of adsorbed hydrogen proposed in literature: (i) *H with a negative 
charge, called hydride or said to have hydridic character; (ii) *H with a positive charge, 
i.e., a proton; and (iii) so-called "atomic” *H, claimed to be formed as a result of 
homolytic cleavage of H2 over metal surfaces, yielding two M-H species. However, 
since hydrogen is more electronegative compared to many transition metals, it was 
shown that even following homolytic cleavage of H2, *H does gain some electron 
density from the surface, making it partially negatively charged (hydridic). For 
example, in the 1960s and 1970s, magnetization studies of H2 adsorption on Ni/SiO2 
reported ‘appreciable density around the hydrogen nucleus’ and the adsorbed *H 
acquiring some negative charge.12–14 A density functional theory (DFT) study found a 
decrease in density of states (DOS) around the Fermi level upon adsorption of H2 on 
Pd, which can be explained by transfer of electron density from Pd to H, leading to 
hydridic *H formation.  Therefore, homolytic cleavage of H2 on most transition metals 
yields two metal hydrides. For bulk oxides, *H can exist on the support in both the form 
of a proton (e.g., Ti-OH) or hydride (e.g., Ce-H or Al-H).9,15,16 In supported metal 
catalysts, heterolytic cleavage of H2 is also possible at a metal/support interface on 
frustrated-Lewis-pairs, yielding a hydride and a proton, often in the form of a hydroxyl 
group.17,18  

All considered, this suggests that hydrides could be involved in *H spillover in silica-
supported catalysts. Interestingly, this was not considered in the DFT study by Prins 
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et al.11 Hydrides on silica were reported in literature under several names: silicoformic 
anhydride, silicon oxyhydrides, (hydro)silanes and surface silicon hydrides.19,20 Silicon 
oxyhydrides (SiHxOy, referred to as SiHx herein for brevity) were first synthesized by 
Buff and Wohler in 1857 by hydrolysis of trichlorosilane, although it was not clear what 
the exact structure of the resulting oxide was at the time.19,21 Later on, the material 
was characterized as SiO2 with a hydrophobic coating of silicon oxyhydride.19,22 Silicon 
oxyhydrides prepared through hydrolysis of trichlorosilane were later used as catalysts 
for hydrosilylation of olefins.23  

Hydrides on bulk oxides can be studied with infrared (IR) spectroscopy, nuclear 
magnetic resonance (NMR), X-ray photoelectron spectroscopy (XPS) and neutron 
scattering (NS).20,24 Silicon oxyhydrides were first characterized using IR spectroscopy 
in 1968, with a band located at ~ 2300 cm-1, being assigned to SiH2 species.25 The 
material was synthesized through pyrolysis of silica treated with methanol yielding a 
‘reactive silica’ which was thought to contain strained Si-O-Si bonds and SiH2 
species.25 Treatment of the ‘reactive silica’ with H2 gave rise to another band at ~ 2227 
cm-1, which was assigned to a silicon oxyhydride species.26 Silicon oxyhydrides 
resulting from dichlorosilane hydrolysis were also studied with IR spectroscopy, and 
showed bands between 2200 and 2300 cm-1, which have been assigned to the Si-H 
stretching vibrations.27 More controlled hydrolysis of dichlorosilane in dichloromethane 
yielded cyclic [H2SiO]n oligomers, which were characterized by IR spectroscopy to 
have Si-H vibrations at 2200 or 1195 cm-1, and Si-H bending vibrations between 1000 
and 900 cm-1

.
28

 Silicon oxyhydrides were first characterized by 29Si solid-state NMR in 
1981, showing a signal at -85.0 ppm.29 They were also observed with IR spectroscopy 
and by NMR after decomposition of organometallic Zr, W, Ta and Zr complexes 
supported on SiO2 under hydrogen.30–34 Silicon oxyhydrides were also formed by 
heating silica gel in H2 to 800 °C in the presence of metal impurities (e.g., Ta, Ni, Pt, 
and W) which the authors presumed to be through spillover.35  

Summarizing, there is experimental evidence of hydrogen spillover on reducible 
supports playing a role in the field of heterogeneous catalysis. For the ‘inert’ support 
SiO2 this is thought not to be the case, although there are several reports of hydrides 
existing on silica. Despite SiO2 being one of the most commonly used support 
materials, it is unclear whether hydrides are formed during reduction, as there are no 
in situ spectroscopy studies focused on this phenomenon. If there are hydrides formed 
on silica, these could influence catalytic behavior. Furthermore, the reactivity of silicon 
oxyhydrides has not been studied in depth. In this work, we report on the formation of 
silicon oxyhydrides after reduction of NiCO3/SiO2 precatalysts to Ni/SiO2, and we study 
the hydrides thermal behavior and reactivity towards water, methanol and CO2 by in 
situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). 
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Results and Discussion 

To explore the possible formation of silicon oxyhydrides on Ni-based hydrogenation 
catalysts, we have selected a set of Ni/SiO2 catalysts having different loadings and 
nickel nanoparticle sizes, which were previously tested in CO2 and ethylene 
hydrogenation.36 According to temperature programmed reduction (TPR) results, and 
based on established activation methods for Ni/SiO2 catalysts, we have reduced the 
NiCO3/SiO2 pre-catalyst materials to Ni/SiO2 in 50 vol.% H2/N2 at 550 °C for 1 h. After 
reduction, the atmosphere was switched to pure N2 and the catalyst materials were 
cooled to room temperature. Using the DRIFTS technique we observed Si–O 
vibrational overtones and combination bands for both Ni/SiO2 catalysts and a SiO2 

reference (Fig. 1A, ‘SiO2’ region).37 On the Ni/SiO2 catalysts, however, two bands at 
~ 2275 and ~ 2257 cm-1 were observed (Fig. 1B, bands ‘a’ and 'b’ respectively), which 
were not present after reduction of Ni-free SiO2.  

Figure 1. Silicon oxyhydride formation in Ni/SiO2 catalyst materials upon reduction 
pretreatments. (A) Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) 
results for Ni/SiO2 (11.8 wt.% Ni/SiO2, with a 2.1 ± 1.1 nm mean Ni nanoparticle (NP) size) and 
SiO2 at 25 °C, after reduction in 50 vol.% H2/N2 at 550 °C for 1 h. For Ni/SiO2, bands at ~ 2275 
and ~ 2257 cm-1 are observed, which are assigned to SiH and SiH2 vibrations, respectively. 
Bands in the 2000–1500 cm-1 region are assigned to overtones of SiO2 framework vibrations. 
A zoom-in of the dashed box is reported in (B), showing the two observed infrared (IR) bands 
(a, b) together with the SiH and SiH2 IR band positions, as calculated by Density Function 
Theory (DFT) and the reported positions of SiH2 (#)25 and SiH ($)26, (*)28 in literature. (C) 
Representative optimized DFT models of SiH and SiH2 species. All models considered can be 
found in the Supporting Information (SI). (D) Scheme of the proposed formation of hydrides 
on silica via * H spillover from Ni. 

The positions of the observed bands are consistent with the previously reported 
stretching vibrations of silicon oxyhydrides, as discussed in the introduction.25,26,28 To 
corroborate our IR spectral interpretation, we used DFT to calculate the IR band 
positions of SiH and SiH2 species on silica models, consisting of 6 to 10 Si atoms (Fig. 
1C). All models considered can be found in the Supporting Information (SI), Fig. S1. 
For all calculations, we used the B3LYP density functional38 and the 6-31+G** basis 
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set.39 The calculated IR frequencies were scaled by scaling factors to match the 
observed and computed frequencies of SiH4. More details on the computational 
procedure can be found in the SI, Section S1. Si-H stretching modes with frequencies 
in the spectral regions 2299–2283 and 2220–2225  cm-1 were found for the SiH and  
SiH2 models, respectively. These values are relatively higher and lower than our 
experimentally observed values of ~ 2275 and ~ 2257 cm-1 (Fig. 1B), with a difference 
of ~ 15–30 cm-1, which are usual errors in DFT calculated IR bands positions. Based 
on DFT and literature, we thus assign band ‘a’ at 2275 cm-1 to SiH species and band 
‘b’ at 2257 cm-1 to SiH2. 

Since the SiHx species require Ni to be formed, we hypothesize that H2 dissociates 
to hydrides on Ni at high temperatures under H2/N2 atmosphere, after which the Ni 
hydrides spill-over to the silica support, as shown in Fig. 1D. Accordingly, we 
calculated a single adsorbed *H on Ni(100) to gain 0.27 electrons, thus forming a 
hydride as expected from differences in electronegativity between H and Ni. An 
alternative hypothesis involves heterolytic of cleavage of H2 at a metal-support 
interface, which was proposed for Au/TiO2 for example.40,41 Heterolytic cleavage at a 
Ni/SiO2 interface could cause a proton to react with a Si-OH group to form water, which 
could desorb and leave a vacancy for the hydride on Ni to spill over to, forming the 
silicon oxyhydride species. As discussed in the Introduction part, *H spillover onto 
silica is debated, as it was found unfavorable in theoretical calculations when 
modelling *H as a proton, forming OH groups.10,11 We here instead observed *H 
residing on a silica surface in the form of a hydride, explaining the discrepancy 
between experiments and DFT calculations.  

However, it remains unclear how these envisaged H* spillover phenomena exactly 
happen. We hypothesize that hydrides on Ni react with Si-OH to form Si-H and water 
according to Eq. (1): 

2H* + Si-OH ⇋ Si-H + H2O           (1)  

where Si-OH can be one of many types of hydroxyl groups present on silica, known 
to have a complex surface chemistry.42 Another possible reaction pathway involves 
defects or strained Si-O-Si groups:42,43 

2H* + Si-O-Si ⇋ Si-H + Si-OH           (2)  

Indeed, H2 is known to react with defects in silica which have dangling bonds or “E’ 
centers”, to form SiH groups, which is an important effect in the manufacturing of 
Si/SiO2 semiconductor devices.44  Accordingly, Fig. S3 shows the DRIFTS spectra of 
Ni/SiO2 during and after reduction, in which  a sharp band at ~ 3736 cm-1 is formed, 
which can be assigned to free Si-OH groups, and a broad band in the 3300–3700 cm-

1 region, which is likely due to H-bonded (vicinal) Si-OH groups and adsorbed 
water.42,43,45 
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Figure 2. Thermal behavior of silicon oxyhydrides on Ni/SiO2 catalysts. (A) Background-
corrected infrared (IR) spectra of 11.8 wt.% Ni/SiO2 with a Ni nanoparticle size of 2.1 nm 
(medium), as a function of temperature, showing the SiHx bands region (shown as datapoints) 
together with fitting results using two Lorentzian functions (see section 2 of the Supporting 
Information (SI) for further details on the data analysis procedure used). (B–D) Fitting results 
for the two SiHx bands versus temperature for three Ni/SiO2 catalyst materials having different 
weight loading (i.e., 4.2, 11.8, and 19.5 wt.%) and Ni nanoparticle (NP) sizes (i.e., 1.2 ±0.5, 
2.1 ±1.1, and 4.4 ±2.4 nm, small, medium and large, respectively): (B) band area, (C) ratio, 
and (D) width of SiH vs. SiH2 band areas versus temperature. (E) van ‘t Hoff plot for the 
disappearance of the SiHx bands (for details on A0 definition, see SI). (F) Enthalpy values 
derived from van ‘t Hoff plot for the apparent reaction of SiHx species, for optimal A0 values 
(bars) and A0 of 10x A at 25 °C (lines in bars). 

Since many catalytic hydrogenation reactions are carried out at temperatures in the 
range of 50–400 °C, we studied the thermal stability of silicon oxyhydrides, by 
investigating the temperature-dependent behavior of the SiHx bands. Notably, in all 
experiments, we switched the gas atmosphere after reduction from H2/N2 to pure N2 
at 550 °C before cooling down, which means that *H species must have formed at 
high temperature when H2 was available. However, the SiHx IR bands only became 
visible when cooling below ~150 °C (Fig. 2A). This behavior was reversible with 
temperature: when the temperature was raised again in N2, the bands disappeared, 
and re-appeared again when the temperature was lowered.  

The reason for the reversible decrease of the area of the SiHx bands with rising 
temperature is not immediately clear and required further data analysis. The decrease 
of the area of the SiHx bands with rising temperature was quantified with a spectral 
fitting procedure, to gain more insight in this behavior. We have fitted the SiHx bands 
of three Ni/SiO2 samples (average Ni particle size of 1.2, 2.1 and 4.4 nm, referred to 
as ‘small’, ‘medium’ and ‘large’) as two Lorentzian functions to a background-corrected 
spectrum. For details, please refer to the Section S2 of the SI. The fitting results are 
presented in Fig. 2B–D, in terms of band area, relative area and width.  
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For all the Ni/SiO2 catalyst materials studied in this work, the band areas of both the 
SiH and SiH2 peaks dropped with increasing temperature (Fig. 2B), while the position 
of the IR bands did not change significantly (Fig. S4). The ratio of the two band areas 
(SiH band/SiH2 band) decreased with temperature, because the area of the SiH band 
decreased faster compared to the area of the SiH2 band (Fig. 2C). Overall, the 
different behavior of the two bands reinforces the assignment to two separate species. 

In literature, the disappearance of SiHx IR bands on silicon was ascribed to 
dephasing of the band by anharmonic coupling to the Si-H bending vibrations around 
800 cm-1.46 However, in such case a concomitant IR band broadening was observed, 
while in our case a slight band narrowing occurred for the SiH2 species from 25–100 
°C (Fig. 2C). This suggests that dephasing is unlikely to be the case of SiHx band 
intensity drop with temperature.  

An alternative hypothesis for the decrease in band area is an increased mobility of 
*H with temperature. In the field of applied physics, hydrogen diffusion across silicon 
and silica surfaces was studied extensively.47 For example, the photo-induced 
formation of a metastable, weakly bound silicon hydride, which can diffuse rapidly on 
the silicon surface, is believed to be the cause of the Staebler-Wronski effect, which 
influences silicon conductivity.47–49 Interestingly, the effect is reversible when heating 
to 150 °C, the same temperature where we observed the SiHx bands to completely 
disappear.49,50 Hydrogen diffusion through a Si/SiO2 interface was also observed, and 
it was noted that *H was diffusing through SiO2 as well as trough Si, although at a 
much slower rate.51 

It is, however, unclear how SiHx would become mobile in our case, in the absence 
of photo-excitation. We thus hypothesized that a chemical equilibrium could be 
responsible for the disappearance of the SiHx IR bands with temperature, where SiHx 
species are either reversibly converted to a highly mobile species or to IR inactive 
species upon heating. To test our hypothesis, we used van ‘t Hoff plots to analyze the 
fitted data and gather insights on the thermodynamics of the system (Fig. 2E). 

Assuming an equilibrium is established between an IR-active species A and an IR-
inactive species B, we can write the equilibrium constant, K, as: 

𝐾 =
[𝐵]

[𝐴]
                                                                             (3) 

Based on the stoichiometry of the reaction, and assuming that no side reactions 
occur, K can be also written as: 

𝐾 =
[A]0−[A]

[A]
                                                                    (4) 

where [A]0 is the concentration of A when the equilibrium is completely shifted to the 
left, and no B is formed. This value is in principle not known, but can be found iteratively 
(see Section S3 of the SI for further details). Assuming that the enthalpy and enthalpy 
change of the reaction is not temperature dependent in the considered conditions, we 
can use the van ‘t Hoff relationship as written in Eq. 5. 

 𝑙𝑛 𝐾 = (
−𝛥𝐻°

𝑅𝑇
 ) +  (

−𝛥𝑆°

𝑅
 )             (5) 

And therefore, by plugging Eq. 4 into Eq. 5:  

 𝑙𝑛 (
[A]0−[A]

[A]
) = (

−𝛥𝐻°

𝑅𝑇
 ) +  (

−𝛥𝑆°

𝑅
 )           (6) 

Assuming the validity of the Lambert-Beer law (or in other words, a proportionality 
between species concentration and their IR absorbance), the IR band area of the SiHx 
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species A is proportional to [A]. By plotting ln((A0-A)/A) versus 1/T, one can therefore 
derive the ΔH of the apparent equilibrium of A ⇋ B from the slope of a linear fit of the 
data. Normally one would be able to obtain the ΔS value from the intercept with the y 
axis. However, in our case the ΔS value cannot be obtained since we do not know the 
extinction coefficient of species A or B, so we do not know the absolute value of [A], 
only the change which is described in the slope.  

The apparent enthalpy of reaction of the SiH and SiH2 species, as shown in Fig. 2F, 
calculated based on the slope of the van ‘t Hoff plots, facilitates the interpretation of 
their behavior. The enthalpy values obtained are positive, as expected for an 
endothermic equilibrium, and between 39–45 kJ/mol for SiH, and between 24–28 
kJ/mol for SiH2. These values are an order of magnitude smaller compared to the 
energy of a covalent bond, but are comparable to weaker interactions, such as 
hydrogen bonding. In literature, values of 20–25 kJ/mol were calculated for interaction 
of H3SiOH with water.52 Therefore, a possible explanation for the endothermic process 
responsible for the decrease in band area is that hydrogen bonding of Si-OH groups 
or adsorbed water surrounding the SiHx species at low temperatures prevents the SiHx 
species to move freely. When the temperature is raised, such H-bonds are broken, 
and *H species can become mobile on the silica surface.  

Figure 3. Reactivity of silicon oxyhydrides on Ni/SiO2 catalysts studied with various 
probe molecules. (A) Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 
spectra of probe molecules adsorption experiments on a pre-reduced 11.8 wt.% Ni/SiO2 

catalyst. The catalysts were cooled down in N2 after reduction (solid lines), exposed to the 
probe molecule at 25 °C, and then heated to 400 °C in N2 (dashed lines). From left to right: 
reference experiment in N2, and methanol, water or CO2 as probes. (B) Normalized area of 
both SiHx bands over time during probe molecule experiments. The probe molecules were 
introduced at 25 °C (dashed line). (C) DRIFTS spectra after exposure to methanol, water or 
CO2, and subsequently recorded at 40 °C and subtracted with a reference spectrum recorded 
at 40 °C after reduction during each experiment. The shaded areas indicate the negative 
bands observed after subtraction, due to removal of SiHx species and changes in the Si-O-Si 
vibrations. 
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The presence of hydrides on Ni/SiO2 raises questions about their reactivity, and 
whether they potentially play an active role in heterogeneous catalysis. Not much is 
known yet about the reactivity of silicon oxyhydrides. SiH4 and silicon hydrides on 
silicon nanocrystals were shown to react with CO2 to form silica, and C or CO.53,54 
However, silicon oxyhydrides were not active for converting CO2 into CO.53 To gain 
more insight into the reactivity of silicon oxyhydrides, we exposed reduced Ni/SiO2 
catalyst materials to probe molecules, such as water, CO2 and methanol, and 
observed the subsequent changes in the SiHx band intensity as a function of reaction 
temperature and the type of probe molecule (Fig. 3A,B).  

In a typical experiment, the catalyst was reduced at 550 °C for 1 h, after which the 
gas stream was switched to N2 and the catalyst was cooled down to room temperature, 
and heated again to 400 °C (solid lines in Fig. 3A). Afterwards the catalyst material 
was cooled down to room temperature, exposed to a specific probe molecule at 25 
°C, and then heated to 400 °C in N2 (dashed lines in Fig. 3A). Fig. 3A shows a 
comparison of the IR bands of SiHx at various temperatures, before and after the 
exposure to probe molecules. To better illustrate the behavior of the SiHx bands over 
time, we fitted the SiHx bands as described in Section S2 of the SI, and plotted the 
summed area of both bands over time (Fig. 3B). The reaction of SiHx with methanol 
was fast and complete within one minute at 25 °C, while water removed all SiHx at ~70 
°C, and CO2 did not affect the SiHx bands appreciably in the temperature regime 
studied.  

These results suggest that protic species can react with SiHx: the reaction of 
methanol with SiHx could lead to activation of the protic -OH bond, and production of 
H2 and methoxy species. Similarly, water could form -OH groups and H2. The observed 
trend in activity is consistent with the higher acidity of methanol in the gas phase 
compared to water, and possibly also explained by the more hydrophobic character of 
a (partially) hydridic silica surface.19,55 However, this hypothesis could not be 
supported by conclusive evidence, as H2 could not be detected via online mass 
spectrometry or gas chromatography during dosing of methanol or water. While we 
did observe what are most likely water and methoxy species via DRIFTS at ~ 1620 
and ~ 1460 cm-1, respectively, we refrain from interpreting these bands because the 
bands in the spectral region below 2000 cm-1 were heavily affected by the removal of 
hydrides, due to changes in the Si–O vibrational overtones and combination bands 
(Fig. 3C, grey spectrum).37 

When subtracting the spectrum of Ni/SiO2 at 40 °C after methanol addition with the 
spectrum before methanol addition with matching temperature, negative IR bands 
were seen at ~ 2010 and ~ 1880 cm-1

 (Fig. 3C, shaded grey areas). When water was 
absorbed instead of methanol, the negative bands were still present but less intense 
(Fig. 3C, shaded pink areas). We believe this aspect deserves a word of caution, as 
using a spectrum of the pretreated catalyst as background is a common approach in 
operando spectroscopy.4 Such negative IR bands fall in the same region where 
adsorbed CO, formate, formyl and (bi)carbonates bands are typically reported. This 
can lead to misinterpretation of operando spectra, especially at low temperatures. One 
must keep in mind that changes to the support due to temperature or wetting cause a 
change in IR signal.  

As already pointed out by Meunier et al, when cooling down silica to 50 °C when 
using a background of the same sample at 350 °C, two bands appear at ~ 2036 and 
~ 1902 cm-1, which could be wrongly assigned to metal-carbonyl species.56 However, 
we show here that even when using spectra of the same temperature as background, 
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chemical changes in the support can lead to differences in the support IR bands and 
thus to changes in the background or baseline of the resulting spectra. Due to the 
reaction of silicon oxyhydrides with probe molecules, the fundamental bands of Si-O-
Si are most likely altered, leading to a change in the Si-O-Si overtones.  

The presence of mobile and reactive hydrides on silica-supported metal catalysts 
has implications in hydrogenation-dehydrogenation catalysis. Silicon oxyhydrides are 
known to make the silica surface hydrophobic, a phenomenon used in, among others, 
chromatography.19 This can influence the interactions of polar products and reactants 
with the silica surface, possibly affecting catalytic performance by favoring or 
suppressing adsorption near or at the active sites, and could change the interactions 
of metal nanoparticles with the silica surface itself, possibly affecting catalytic stability. 
Moreover, silicon oxyhydrides could act as a hydrogen reservoir and/or water 
scavenger during e.g., catalytic hydrogenation reactions. 

 

Conclusion 

It was found that silicon oxyhydride species are formed upon reduction of Ni/SiO2 
catalyst materials via a spillover of *H from Ni, as evidenced by the appearance of two 
infrared (IR) bands located at ~  2275 and ~ 2257 cm-1 in the in-situ diffuse reflectance 
Fourier transform spectroscopy (DRIFTS) experiments, and further corroborated by 
density functional theory (DFT) calculations. The observed SiHx bands disappeared 
with increasing temperature, consistently with a reversible, endothermic process 
having a reaction enthalpy in the range of 39–45 kJ/mol for SiH and of 24–28 kJ/mol 
for SiH2. We propose that relatively stable silicon oxyhydrides convert into highly 
mobile hydrides species with increasing temperature, in line with studies of silicon 
hydrides in the semiconductors’ literature. The order of magnitude of the observed 
enthalpy further suggests that hydrogen bonding is involved in such hydride 
mobilization process. We further investigated the reactivity of SiHx species in Ni/SiO2 
catalysts by reaction with probe molecules. We showed that SiHx species react quickly 
with methanol, more slowly with water and do not react with CO2 at temperatures as 
high as 100 °C. The removal of the SiHx species influenced the Si-O-Si IR bands, 
leading to severe distortion of IR spectra when using a spectrum of the reduced 
Ni/SiO2 material as background. Hence, proper care has to be taken to avoid 
interpretation of these bands as carbonyl species, especially at low temperatures. All 
considered, the present study showcases the ability of SiO2 to accommodate hydride 
species by spillover and suggests that the silica support can play an important and 
active role in heterogeneous catalysis.  

 

Methods 

Three Ni/SiO2 catalyst materials were used, which have been labelled as ‘small’, 
‘medium’ and ‘large’, depending on their Ni nanoparticle size: (i) 4.7 wt.% Ni/SiO2 
‘small’, with a 1.2 ± 0.5 nm mean Ni NP size; (ii) 11.8 wt.% Ni/SiO2 ‘medium’, with a 
2.1 ± 1.1 nm mean Ni NP size; and (iii) 19.5 wt.% Ni/SiO2 ‘large’, with a 4.4 ± 2.4 nm 
mean Ni NP size. The synthesis and characterization of these three samples were 
described elsewhere.4 CO2 was provided by Linde at >99.99% purity. N2 and H2 were 
provided by Linde at >99.999% purity. Demineralized water was used and was 
sparged with N2 for at least 30 min. Methanol was provided by Thermo Scientific at 
99.8 % purity, dried over molecular sieves and sparged with N2 for 30 min. The Ni/SiO2 
samples were loaded into a Harrick DRIFTS cell equipped with ZnSe windows and 
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pre-reduced at 550 °C (25 mL N2/min, 25 ml H2/min, 5 °C/min ramp rate), followed by 
cooling to room temperature in 40 mL/min N2. The IR spectra were collected using a 
Bruker Tensor 27 FT-IR spectrometer. The gasses were supplied using a home-built 
gas rig connected to a bubbler for dosing water or methanol to the catalyst. For the 
probe molecule experiments, the pre-reduced catalyst was cooled down in N2, after 
which the cell was heated again to 400 °C, and cooled to room temperature again. 
This first heating step was performed to check the reversibility of the SiHx bands. After 
the second cool down step the probe molecule (i.e., water, methanol, or CO2) was 
absorbed. Water and methanol were added by bubbling N2 through the respective 
liquid. The bubbler with methanol was cooled to 0 °C to reach a similar vapor pressure 
compared to water (water: 32 mbar at 25 °C, methanol: 30 mbar at 0 °C)57  in order to 
reach a similar concentration in stream. 5 mL/min N2 was flowed through the bubbler 
for 2 min, and this gas stream was diluted with 35 mL/min N2 to keep the total flow 
constant at 40 mL/min.  
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