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A B S T R A C T   

We report on the use of In as an effective H2 production promoter in a Cu/SiO2 catalyst for the steam reforming 
of methanol. To date, In promotion has been limited to noble metals because of its tendency to “bury” other 
metals thus compromising the catalytic activity. Here, we prepared a silica-supported Cu-In catalyst via a urea- 
assisted co-precipitation method that showed a higher H2 productivity compared to the monometallic catalyst 
and a remarkable H2/CO2 molar ratio of almost 3 at 220 ◦C. Through XPS, XRPD and HRTEM-EDX along with H2- 
and CO-TPR, H2O-TPD, and N2O titrations, supported by computational modeling, we attributed such superior 
performances to an easier H2O activation due to improved electronic properties of the Cu phase, that is, its lower 
oxidation state via electron density transfer from the InOx buffer phase as a 1D “necklace” structures crucially 
mediating the interaction of small Cu nanoparticles (2.6 nm) and silica.   

1. Introduction 

In-based catalysts have been known for quite some time [1–3] and 
have found a renewed interest as 100 % selective catalysts for the 
methanol synthesis from syngas [4]. In the “reverse” reaction, that is the 
methanol steam reforming (MSR), InOx itself is active as a catalyst, but 
the H2 production rates are generally low [3,5,6]. For this reason, In is 
supported on high surface area oxides, such as Al2O3 [7,8], often in 
combination with more active metals, such as Pt [7,9,10] or Pd [11–13]. 

The most relevant contribution of In to the MSR reaction is the 
improvement of the H2 and CO2 selectivity, with CO suppression re
ported at temperatures as high as 400 ◦C [5,13]. However, the only 
bimetallic In catalysts that has demonstrated thus far higher H2 pro
duction rates over the monometallic counterparts is the Pt/In2O3/Al2O3 
catalyst reported by Men and co-workers [12]. They ascribed the 
improved H2 production to the proximity, or even partial coverage, of 
oxidized In to Pt nanoparticles that facilitates the H2O activation. 
Interestingly, no significant improvement in the methanol conversion 
was reported by the authors. With Pd-based catalysts, In forms alloys 

and promotes long-term stability [13]. A surface enrichment of In was 
reported during the course of the reaction which, depending on the re
action conditions, can cause a total loss of activity due to severe 
coverage of the Pd nanoparticles. 

From these studies, it can be drawn that the M-In interaction upon 
reductive treatment is crucial and is highly influenced by the M/In ratio 
and the reaction/pre-treatment conditions [14]. Despite the nearly 
CO-free H2 streams obtained, the high cost of Pt and Pd is an important 
penalty towards the development of M-In bimetallic catalysts for sus
tainable H2 production. 

An alternative catalytic element is Cu, the benchmark metal for the 
MSR reaction [15–17] Matsumura et al. [18] tested a series of Cu-In 
catalysts at different In loadings reporting however a dramatic loss of 
activity caused by the InOx phase covering the Cu nanoparticles. A 
similar phenomenon partially happens with Pd [13], but in the case of 
Cu even In loadings as low as 2–5 wt.% suppress the H2 productivity 
[18]. Interestingly, in the work by Matsumura et al. [18] it was evi
denced that the activity of a Cu/ZnO/ZrO2 catalyst is greatly stabilized 
by In at high temperatures. The preparation procedure reported in that 
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work consists in a co-precipitation of all the three components, with a Cu 
loading of 50 wt.%, whereas Pt and Pd catalysts were prepared by 
impregnation of In salts on monometallic catalysts [7–9,12]. 

Neuman et al. [13] pointed out that the pretreatment conditions 
determine the final state of the bimetallic In catalyst, and in particular of 
the metal-In interaction. The use of relatively low temperature (300 ◦C) 
for the reduction treatments in H2 seems to preserve the structural 
integrity of the main metal nanoparticles while avoiding excessive In 
coverage. 

In the light of the promising results by Matsumura et al. [18], but 
aiming at an increased H2 productivity analogous to that reported by Liu 
et al. [7,8], and being aware of the encapsulating action of In on metallic 
nanoparticles [13], in this work we devise and report a bimetallic Cu-In 
catalyst in which the presence of In not only does not compromise the 
exposure of Cu but in fact promotes H2 productivity. Since the MSR 
activity is strongly affected by the catalyst support [8,19], especially 
when Cu is involved [20–22], to single out the promotional effect of In 
disentangled from other phenomena, we chose silica as a support 
because it is known to be inert during the reforming reactions with 
methanol [23,24]. Our major achievement in the present study is first of 
all to show that the promotional effect of In is not limited to the stabi
lization of Cu [18], but, rather, if combined with a proper catalyst 
preparation method, In doping can act as H2 production booster for 
Cu-based catalysts in the MSR reaction. We also provide a rationale for 
this achievement based on an exhaustive characterization and theoret
ical modeling. 

2. Experimental 

2.1. Catalyst preparation 

The catalysts were prepared via a urea precipitation [25]. Urea (2.55 
g) was dissolved in ultrapure H2O at room temperature in a 250 mL 
three-necked round bottom flask. Then silica (1.5 g, Davisil, grade 645, 
60–100 mesh, 150 angstroms, Sigma Aldrich) was suspended in the 
solution under continuous stirring. This was followed by the addition of 
the appropriate amount of the precursor solutions in order to reach the 
desired metal content: 0.06 M InCl3 and 0.2 M Cu(NO3)2 solutions were 
used. The total reaction volume was 160 mL in each case. The flask was 
equipped with a H2O condenser and the mixture was then heated up to 
90 ◦C with a heating mantle equipped with a temperature controller 
using 5 ◦C/min heating rate. The temperature was held for 3 h. After
wards, the heating mantle was removed, and the mixture was cooled 
down to room temperature with a H2O bath. The catalyst suspension was 
centrifuged and re-suspended three-times in 80 mL ultrapure H2O, then 
dried in an oven overnight at 80 ◦C. In all the catalysts the nominal Cu 
content is 15 wt.%, while the In is nominally 1 wt.% or 5 wt.%. For 
instance, the Cu-1In/SiO2 catalyst features Cu at the 15 wt.% and In at 
the 1 wt.%. 

2.2. Catalyst characterization 

The total Cu content was determined by Inductively Coupled Plasma 
Optical-Emission Spectroscopy (ICP-OES) (ICAP6300) after digestion in 
aqua regia. 

The BET specific surface area and the BJH pore width and volume 
were determined by nitrogen physisorption isotherms at 77 K with a 
ASAP2020 apparatus. Prior to each analysis, the samples were degassed 
for 3 h at 110 ◦C in high vacuum. 

Both temperature programmed reduction in H2 flow (H2-TPR) and 
N2O titrations were performed using a Micromeritics PulseChemisorb 
2700. An 8 vol.% H2/Ar mixture was used as analysis gas. 15 mg of 
samples diluted with 300 mg of silica sand were loaded in a U-shaped 
quartz reactor. Simple H2-TPR analyses were carried out by ramping up 
the temperature at 8 ◦C/min until about 500 ◦C, while for those used in 
the N2O titrations the temperature was set to 300 ◦C and held for 30 min. 

After the first H2-TPR, the reactor was cooled to 60 ◦C under 30 mL/min 
Ar flow. Then, 20 vol.% N2O was allowed to flow for 5 min at 80 mL/ 
min. Finally, the reactor was purged from the N2O by flowing Ar at the 
same temperature for one hour and a second H2-TPR was performed. 
The exposed Cu was calculated using the following equation [26]: 

SCu =
2A1Na

100 (A2)(AMCu)(1.4 ∗ 1019)
Cutot 

SCu is the exposed surface Cu (mCu
2 /gcat), Na is the Avogadro number 

(atoms/mol), AMCu is the atomic mass (g/mol), 1.4 * 1019 is the surface 
Cu packing density (atoms/m2), and Cutot is the Cu loading (%). A1 and 
A2 are the peak areas of the first and the second reduction, respectively. 

CO temperature programmed reduction (CO-TPR) analyses, as well 
as H2O and CH3OH temperature programmed desorption analyses (H2O- 
TPD and CH3OH-TPD, respectively), were performed by using a home- 
made gas rig, described elsewhere [27], connected downstream to a 
mass spectrometer (Hiden Analytical, HPR20). In all cases, 50 mg of the 
samples were used for the analyses. As for the CO-TPR, before reduction 
with 20 mL/min of 50 vol.% CO/Ar and a ramp rate of 8 ◦C/min, the 
samples were treated with 30 mL/min He flow at 130 ◦C for 1 h. In the 
case of the TPD analyses, the samples were first reduced with a 15 
mL/min H2 flow for 30 min at 300 ◦C and a ramp of 10 ◦C/min; then, 
after purging with He flow (20 mL/min) for 30 min at the same tem
perature, the samples were cooled to 70 ◦C. At this point, the samples 
were saturated with H2O or CH3OH vapors by flowing the carrier gas 
through a saturator at 25 ◦C and purged again with He (20 mL/min). 
Finally, the desorption was carried out by ramping up the temperature at 
8 ◦C/min under the same He flow starting from 50 ◦C. 

Transmission electron microscopy (TEM) micrographs were 
collected with a ZEISS LIBRA200FE microscope with a 200 kV FEG 
source. Energy-dispersive X-ray spectroscopy (EDS – Oxford INCA En
ergy TEM 200) and elemental mapping were taken along with HAADF- 
STEM (high angular annular dark field scanning electron microscopy) 
images. 

XRD patterns were collected on a Bruker d8 Advance diffractometer 
in Bragg-Brentano geometry equipped with a Ni-filtered Cu-Kα radia
tion. Preliminary data collection was performed at atmospheric condi
tion from 10◦ to 50◦ 2θ, 0.05◦ step, and total 8 h acquisition. 

As to the reduced samples, they were preserved in Ar atmosphere in a 
glove box and then mounted on an air-tight sample holder. To maximize 
the counting statistics before oxygen uptake, some fast scans were per
formed in the 35− 55◦ 2θ range (step 0.1◦, 18 min) to ascertain the 
presence of Cu rather than CuO or other alloys, and to extract the crystal 
size out of the peak broadening based on the Scherrer formula. In 
addition, a longer scan about 10 h long was carried out from 10 to 60◦

(step 0.05◦). Peak broadening was extracted through single-peak fitting 
performed by the WinPLOTR software [28]. The reference patterns in 
Fig. 3 were simulated using GSAS software. The patterns were simulated 
based on the Cu structural model (F m − 3 m, Cu in special position). The 
peak profile was computed considering Caglioti formula for instru
mental resolution, taken with a LaB6 NIST standard, adding a Lorentzian 
contribution (LX in GSAS) related the isotropic finite size broadening. 
The LX value for each crystal size D was calculated based following 
equation, according to the GSAS user manual: 

LX =
18000 K λ

π D  

where K is Scherrer constant, λ the wavelength, LX the Lorentzian 
broadening parameter related to finite size. 

For the determination of surface composition and oxidation state of 
the metals, X-ray photoelectron spectroscopy (XPS) measurements were 
done using a KRATOS XSAM 800 XPS machine equipped with an at
mospheric pretreatment chamber. Al Kα characteristic X-ray line, 40 eV 
pass energy and FAT mode were applied for recording the XPS lines of 
Cu 2p, Cu LMM, In 3d, and Si 2p regions. Si 2p binding energy at 103.5 
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eV was used as reference for charge compensation. Although there is no 
single fundamentally correct method for precise correction of peak po
sitions of insulating samples, the signal of adventitious carbon was used 
as an inner reference. The shift in the position of C 1s peaks after heat 
treatments was in between the acceptable range, that is, 284.8 +/− 0.3 
eV (see Table S3). Therefore, the observed binding energy (B.E.) shifts 
larger than 0.3 eV can be accepted as real shift of the peak. For quan
tification of the XPS data, the measured raw peak areas of the elements 
were divided by the corresponding sensitivity factors. The samples were 
measured after the preparation, after reduction like that employed for 
the TPR measurements (an atmospheric pretreatment chamber con
nected to the UHV chamber with a load lock gate avoided exposing the 
samples to the air), and, finally, after re-oxidation in the air at room 
temperature. 

2.3. Catalytic tests 

A home-made fixed-bed (9 mm internal diameter) test unit was used 
to perform the catalytic tests [29] with 200 mg of catalyst (45-35 mesh) 
and a CH3OH/H2O solution at a steam-to-carbon (S/C) ratio of 1.3 
(mol/mol). The carrier gas was He at atmospheric pressure. Before each 
run, the catalysts were reduced at 300 ◦C for 30 min with pure H2 (15 
mL/min). The gaseous products were analyzed with an on-line GC-TCD 
(Agilent 6890N). To better evaluate the activity of the Cu active sites, 
catalytic runs were carried out by varying the feed flow rate, but without 
altering the composition of the inlet mixture. Normalized contact times 
were calculated as the actual Cu exposed divided by the molar flow rate 
of methanol per second. The H2 productivity is reported as mmol of H2 
produced per hour per gram of catalyst, while the selectivity was 
calculated by dividing the molar flow rate of H2 by the sum of the molar 
flows of the products multiplied by the reforming factor of 3. CO, CO2, 
and CH4 selectivity was determined over the sum of the flow rates of the 
gaseous carbon-containing products. Turnover frequency (TOF) was 
calculated as rate of carbon moles converted (mmol/s * kgcat) at the 
same conversion level over the Cu dispersion. 

2.4. Computational details 

The morphology of supported clusters suitable for simulating reac
tivity was obtained via a Global Optimization stochastic search. Global 
Optimization runs were performed based on the Basin-Hopping algo
rithm (BH) [30] coded in an in-house python code. Starting from a given 
initial atomic configuration, the algorithm randomly perturbs the co
ordinates followed by a local geometry optimization to obtain a new 
configuration that is accepted or rejected according to the Metropolis 
criterion [31], i.e., the new configuration is accepted as the starting 
configuration for the next BH step if its energy (Ef) is lower than the 
initial one (Ei) or if the Metropolis criterion “exp[− (Ef − Ei)/kBTGO] > r” 
is satisfied, where r is a random number, kB is the Boltmann constant, 
and TGO is a fictitious temperature. The algorithm then iterates the 
previous steps by starting from the current accepted configuration. Each 
BH run generated about 1200 configurations, with an acceptance rate 
determined by a fictitious temperature TGO of 2000 K. 

We performed multiple BH runs to explore the density-functional 
theory (DFT) Potential Energy Surfaces (PES) of three different stoi
chiometric clusters, both bare and supported on the (001) facet of silica, 
SiO2, with stoichiometry: Cu38O8, Cu38In4O10 and Cu38In4O12. The 
(001) SiO2 surface, exposing unsaturated oxygens with one dangling 
bond, was partially hydroxylated as presumably in experiment. The SiO2 
support was modeled with a slab made of six atomic layers non- 
stoichiometric and asymmetric with a unit cell with edge lengths of 
1.99 nm and 1.72 nm. Unsaturated Si atoms exposed by the slab’s bot
tom layer were capped with H atoms and kept frozen during the BH runs. 
On the topmost-layer side, 60 % of the protruding oxygens were 
terminated by H atoms to leave a region for the direct interaction of the 
cluster and the silica surface. 

To accelerate as much as possible the cpu-demanding BH procedure, 
the DFT local optimizations were performed using the OPENMX code 
[32] that reduces the ab-initio computational burden by employing 
small-size optimal numerical basis sets [33], generated for describing 
the electronic configurations of atoms in a confining potential. The 
associated computational effort was further limited by describing core 
electrons with the aid of pseudopotentials, which also reduces the 
number of plane-waves needed for solving the Poisson equation by the 
OPENMX-proprietary FFT algorithm [34]. Finally, the Kohn Sham 
equations based on the Perdew-Burke-Ernzerhof (PBE) 
exchange-correlation functional [35] were solved by employing ‘Quick’ 
type basis sets available from the PAO2019 database [36], PBE19 
norm-conserving pseudopotentials [36] and a plane-wave cutoff of 150 
Ry. 

On the structures of the deposited catalyst clusters produced by the 
GO approach, further calculations were performed to predict H2O 
adsorption, H2O dissociation, and core-level shifts (CLS), based on 
density-functional theory (DFT) using the Quantum ESPRESSO (QE) 
package [37,38]. GBRV’s ultra-soft pseudopotentials [39] along with 
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional 
were employed to calculate the energetics [35]. A plane-wave basis set 
with a cut-off energy of 40 Ry was used for the expansion of the wave 
functions, while a cutoff of 200 Ry was used for expanding the charge 
density. Spin-polarized calculations were always conducted, although 
the systems here investigated were almost exclusively closed-shell. In 
the QE structural optimizations and barrier evaluation, only the bottom 
layer of the silica (SiO2) support was kept frozen, whereas the second 
layer of SiO2, and all atoms of pure Cu and bimetallic Cu-In catalysts 
were fully relaxed without any constraints. The convergence energy 
threshold for the self-consistent-field (SCF) was set to 1 × 10− 6 Ry. 
Calculations were performed at the Gamma point in the Brillouin zone of 
the unit cell. 

The adsorption energy (ΔEads) was calculated as:  

ΔEads = Etotal − Ecat − EH2O                                                                   

where Etotal, Ecat, and EH2O correspond to the total energy of the complex 
with H2O adsorption, the total energy of the catalyst without H2O, and 
the total energy of the H2O molecule, respectively. More negative values 
of ΔEads indicate stronger binding. 

In order to attain the minimum energy pathways (MEP) for H2O 
dissociation, NEB and climbing image NEB methods [40,41] were 
adopted to search for the transition state (TS) of each elementary step. 
To locate each transition state rapidly and accurately, NEB calculation 
was performed to find approximate structure of transition state by using 
five intermediate images between the initial and final states. Then these 
five optimized intermediate structures were included as the initial inputs 
for second NEB in which ten intermediate images were generated and 
optimized to acquire minimum energy reaction paths and possible 
transition states. Based on ten intermediates obtained from second NEB, 
final transition state structure was accurately located by NEB 
climbing-image with the force convergence of 0.1 eV/Å. The energy 
barrier (Ea) was determined as:  

Ea = ETS − EIS                                                                                     

where ETS, EIS represent the total energy of the transition state and its 
preceding initial state. Atomic charge and electrons transfer were eval
uated based on the Lӧwdin population analysis [42]. 

The core-level shifts (CLS) of Cu-2p and In-3d states were calculated 
using a spin-averaged pseudopotential approach [43], which requires 
the generation of pseudopotentials with a specific core-hole and to 
evaluate the pseudopotential energy difference between the system’s 
ground state and the system containing one excited atom. Excited 
effective-potentials were generated within the Projector-Augmented 
Wave (PAW) framework by starting from the PAW files available for 
both Cu and In within the GRBV dataset [39]. 
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3. Results 

3.1. Catalytic performances 

The catalysts without Cu did not show any catalytic activity, as well 
as Cu/In2O3. The activity of the Cu-5In/SiO2 catalyst was very low, with 
1 % conversion at 260 ◦C (not shown). The catalytic evaluation results of 
Cu/SiO2 and Cu-1In/SiO2 are listed in detail in Tables S1 and S2. To note 
that rather than using the sheer values of H2 selectivity, which in our 
opinion do not provide the best picture of the outcome of the reaction, 
we will use the H2/CO2 molar ratio. 

The Cu/SiO2 catalyst showed a stable catalytic activity in line with 
previous reports [23,24,44,45] with a methanol conversion of 57.1 % 
after 17 h at 260 ◦C and normalized contact time of around 0.005 s. 
Under these conditions, CO selectivity was relatively low at 0.37 % 
(Table S1) and a H2/CO2 molar ratio of 2.76. 

Quite interestingly, with the addition of In, such ratio rose to the 
almost stoichiometric value of 2.99, that corresponds to 100 % H2 
selectivity (Fig. 1a, Table S2), accompanied by a drop in CO selectivity 
to values as low as 0.07 % (Table S2). This imply that, per almost each 
mole of CO2, no other products were formed other than H2. Cu-1In/SiO2 
maintained a general improvement in H2 productivity and H2/CO2 ratio 
over Cu/SiO2 throughout all the range of temperatures examined, that 
is, between 150 ◦C and 300 ◦C (Fig. 1b and Tables S1 and S2). The latter 
catalyst did not reach a comparable H2/CO2 ratio and H2 productivity 
even at 300 ◦C of reaction temperature. 

As for the H2 productivity values, the Cu/SiO2 catalyst showed about 
237 mmol/h * gcat, that is lower compared to other Cu-based catalysts 
[16,21], but in presence of 1 wt.% of In the productivity was about 301 
mmol/h * gcat at 260 ◦C. 

The influence of the contact time calculated over the Cu exposed on 
H2 production rate was examined between around 0.005 s and 0.015 s 
by adjusting the feed rate of the carrier and CH3OH/H2O solution to 
keep the composition constant (Fig. 1c). In the whole range examined, 
the Cu-1In/SiO2 catalyst showed a higher H2 productivity, and, at the 
lowest normalized contact time, it showed a H2/CO2 ratio of 2.69, a 
markedly higher value than the 2.01 of the Cu/SiO2 catalyst. 

These results demonstrate that the Cu-1In/SiO2 catalyst outperforms 
Cu/SiO2 in terms of both H2 productivity and H2/CO2 ratio. The higher 
TOF, calculated at the same conversion level of about 40 %, of Cu-1In/ 
SiO2 (24 × 103 s− 1) with respect to Cu/SiO2 (19 × 103 s− 1) is the ulti
mate proof of such superiority. 

The relatively low CO production shown by our Cu/SiO2 catalyst 
could be due to high Cu dispersion, like in the case of the Cu-MCM41 
catalysts described by Deshmane et al. [46]. CH3OH-TPD analyses 
(Fig. S1) evidenced that only the Cu-1In/SiO2 catalyst did not produce 
any CO during the desorption, which is in line with previous reports [5, 
13]. In addition, the same catalyst generated more CO2 than all the other 
ones, thus corroborating the remarkable H2/CO2 ratio found during the 
catalytic tests. As for the lack of activity of the Cu/In2O3 and 

Cu-5In/SiO2 catalysts, that could be due to an almost null adsorption of 
methanol for the former, and delayed desorption of methanol, which 
started at temperature far above (about 350 ◦C) those used in this work, 
for the latter. Since the silica support is inert in MSR [23,24] reactions, 
and both the In/SiO2 catalysts and the Cu/In2O3 catalyst did not display 
any relevant catalytic activity, the H2 promotion must be the result of 
some synergy between Cu and In when “dosed” at the right ratio on the 
silica. The fact that the H2 productivity with Cu-1In/SiO2 was higher 
compared to the Cu/SiO2 catalyst at all the normalized contact times 
further supports this hypothesis. 

To better understand how and in what extent this synergy occurs, a 
series of characterizations tools were used to investigate the morphology 
as well as the redox and electronic properties of the catalysts. 

3.2. Morphology 

The textural characteristics of the catalysts are listed in Table 1, 
while the N2 physisorption isotherms and the pore distributions are re
ported in Fig. S2. The Cu/In2O3 sample showed the lowest surface area 
(7 m2/g) and the lowest pore volume (0.07 cm3/g). The two samples 
containing only In featured practically the same morphological char
acteristics with about 260 m2/g and 1.23 cm3/g of surface area and pore 
volume, respectively. Starting from Cu/SiO2, the addition of In caused a 
decrease in both surface area and pore volume. Nonetheless, both the 
bimetallic catalysts exhibited a surface area larger than 200 m2/g and a 
pore volume of 0.82–0.88 cm3/g which, as anticipated, excludes a major 
role of the silica support in the higher performances of Cu-1In/SiO2 
catalyst. 

STEM-EDX maps (Fig. 2) of Cu-1In/SiO2 showed that both Cu and In 
are homogeneously dispersed all over the surface of the catalyst with the 
signals of Cu and In perfectly overlapping. No relevant segregation of 
InOx was revealed. Such a proximity might hint to the formation of Cu-In 
mixed phases or even alloys, as for instance reported with Pd [12,13]. 
The phase composition was then investigated by XRD. 

The as prepared catalysts were fully amorphous irrespective of the In 
content (Fig. S3), so patterns were collected after reduction at 300 ◦C in 
H2 flow for 30 min to mimic the activation step prior to the catalytic 
runs. As detailed in the experimental section, the catalysts were 

Fig. 1. Catalytic activity of Cu/SiO2 (triangles) and Cu-1In/SiO2 (circle): a) Stability test carried out at 260 ◦C and at a normalized contact time of 0.005 s− 1; b) Effect 
of the temperature on the activity between 150 ◦C and 300 ◦C at a normalized contact time of 0.005 s− 1; c) Effect of the normalized contact time on the H2 production 
rate evaluated at 260 ◦C. A S/C molar ratio of 1.3 was used in all the tests. 

Table 1 
Catalysts BET surface areas and pore volumes.  

Entry BET surface area 
(m2/g) 

Pore volume 
(cm3/g) 

1In/SiO2 264 1.23 
5In/SiO2 260 1.21 
Cu/In2O3 7 0.07 
Cu/SiO2 352 0.95 
Cu-1In/SiO2 239 0.82 
Cu-5In/SiO2 215 0.88  
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investigated maintaining the reducing atmosphere by means of an 
airtight sample holder. Since the catalysts were found to be mostly 
amorphous, and the oxidation occurred within few hours notwith
standing the container, fast diffraction patterns were collected in a 
diffraction range where the main Cu (or possibly CuIn) and CuO 
diffraction peaks occur. This allowed to optimize the counting statistics 
related to the active Cu compound. Fig. 3 shows the sum of the fast 
diffraction patterns for Cu-1In/SiO2 and Cu/SiO2 as red and blue solid 
lines, respectively. The noise comes from the Ar atmosphere that at
tenuates the beam and from the low crystallinity. The experimental 
patterns are centered very close to the main (111) reflection of metallic 
Cu. No apparent shift of the peak position, that could indicate Cu 
alloying, is observed with the addition of In. Moreover, long patterns 
collected at ambient conditions revealed the crystallization of CuO only, 
thus ruling out the presence of other secondary phases. 

The crystallite size was estimated to be about 4 and 2.5 nm for Cu/ 
SiO2 and Cu-1In/SiO2, respectively (Table 2). Anyhow, even though 
noise can affect the correct estimation of the crystallite size, it is evident 
that crystallite dimensions are well below 5–10 nm. To prove that, 
patterns corresponding to crystals with 5 and 10 nm were simulated and 
plotted in Fig. 3 as dashed and dotted lines, respectively. Keeping in 
mind the limitations of the Scherrer approach, we can safely state that 
Cu crystallites size is well below 10 nm and that no increase in crystal 

size is induced by the addition of In. 
HRTEM images were used to validate the XRD data and calculate the 

particles size distributions in the catalysts. Before taking the HRTEM 
pictures, the catalysts were reduced as for the XRD analyses. In good 
accordance with XRD evidence, the Cu nanoparticles in the Cu-1In/SiO2 
catalyst are smaller than those in the monometallic catalyst, with sizes 
centered at 2.6 nm and 4.2 nm, respectively. The smaller size of the 
nanoparticles in Cu-1In/SiO2 and their stability after 17 h of reaction 
(Figs. 1b and 4b) might suggest this as the reason behind the superior 
performances of the doped catalysts because of a higher amount of 
active Cu exposed. However, a more efficient use of the catalyst by itself 
would not account for the improved H2 productivity at the same 
normalized contact time (Fig. 1c). Other factors other than the 
morphology and the Cu nanoparticle size must be critically affecting the 
catalytic system. 

3.3. Catalysts reducibility and Cu exposure 

TPR analyses with H2 and CO were performed to assess the reduc
ibility of the catalysts (Fig. 5), while the exposed Cu was determined by 
N2O titrations (Table 2). 

No major reduction peaks were observed during the H2-TPR analyses 
of 1In/SiO2 and 5In/SiO2 before 300 ◦C, and the very weak features at 
higher temperatures are likely due to the reduction of InOx finely 
dispersed on the surface of the silica support [1] (Fig. 5a). Hence, any 
reduction features displayed by the Cu catalysts below 300 ◦C are to be 
ascribed solely to the reduction of Cu, while intermetallic compounds or 
alloys are reported to form at temperatures around 450 ◦C [47]. The 

Fig. 2. STEM measurements of Cu-1In/SiO2: a) HAADF image of a catalyst grain; b-d) STEM-EDX mapping of the catalyst showing the Cu and In dispersion present in 
the catalyst: b) Cu map (green), c) In map (red) and d) Si map (grey) (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.). 

Fig. 3. Experimental XRD patterns of Cu/SiO2 (red) and Cu-1In/SiO2 (blue) 
collected under reducing atmosphere within an air-tight sample holder in the 
35◦ to 55◦ 2θ range. Simulated patterns for Cu nanoparticles (black) with 5 and 
10 nm crystal size are shown in dashed and dotted lines, respectively (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.). 

Table 2 
Cu loadings, percentage of Cu reduced after H2-TPR until 300 ◦C, exposed Cu, 
and Cu crystalline sizes of the catalysts.  

Entry Cu loadinga 

(wt.%) 
Cu reducedb 

(%) 
Exposed Cuc 

(m2
Cu/gcat) 

Cu crystallite size 
(nm)     

XRPD HRTEM 

Cu/In2O3 15.3 93.9 7.1b N.D.d N.D. 
Cu/SiO2 12.9 78.8 75.8 4.0 4.2 
Cu-1In/SiO2 13.7 84.8 56.4 2.5 2.6 
Cu-5In/SiO2 12.1 20.0 6.4 N.D. N.D.  

a Determined by ICP-OES.  

b After H2-TPR.  

c Determined by N2O titration.  

d Not determined.  
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presence of just one reduction peak in the profile of the Cu/In2O3 
catalyst at 227 ◦C, which corresponds to a degree of reduction of the Cu 
of 93.9 %, indicates that most of the Cu is reduced with the pretreatment 
before the reaction (Fig. 5a). However, the N2O titration revealed that 
only a limited amount of Cu is exposed (7.1 m2

Cu/gcat), which might be 
due to InOx covering of the Cu phase upon reduction [13]. The Cu/SiO2 
catalyst had also just one reduction peak, but at a slightly higher tem
perature of 239 ◦C. Even though the reduction degree is only 78.8 %, the 
exposure of metallic Cu is one order of magnitude higher than the 
Cu/In2O3 catalyst with 75.8 m2

Cu/gcat exposed. These values are not 
unexpected as silica is well-known to be a support on which Cu can be 
easily dispersed or even lost within [46,48–50]. Interestingly, in the 
presence of 1 wt.% of In, a quite similar reduction profile was observed 
at the same temperature of Cu/SiO2, but its area indicates a higher H2 
consumption and in turn a higher reduction degree (84.8 %). The Cu 
exposed in Cu-1In/SiO2 was however only 56.4 m2

Cu/gcat. The 
Cu-5In/SiO2 catalyst is markedly different with one weak reduction 
peak at 256 ◦C and a second one at about 370 ◦C. The exposed Cu is very 
low, like for the Cu/In2O3 catalyst. 

It is clear that the presence of In influences the reduction of the Cu. 
However, the analyses performed with H2 on the Cu/SiO2 and Cu-1In/ 
SiO2 catalysts differed only in the intensity of the reduction peak 
without providing much more information. So, to get more insights on 
the presence of any hard-to-reduce species, CO-TPR analyses were per
formed since CO is more efficient in Cu oxide reduction than H2 [51]. 
The reduction profiles obtained with CO (Fig. 5b) are indeed more 
complicated than the H2-TPR profiles. Bear in mind that the peaks above 
300 ◦C are due to the Boudouard reaction catalyzed by metallic Cu [52]. 

The high reducibility of Cu/In2O3 is again confirmed by this analysis 
with two very sharp peaks at low temperature (175 ◦C and 193 ◦C), 
whereas the reduction of Cu-5In/SiO2 started later and peaked at 260 ◦C. 
Both Cu/SiO2 and Cu-1In/SiO2 catalysts showed a reduction peak 

centered around 195 ◦C which can be ascribed to the reduction of finely 
dispersed CuO to metallic Cu [53]. Just like the H2-TPR profiles, 
Cu-1In/SiO2 exhibited a more intense peak compared to Cu/SiO2, 
further confirming that In facilitates the reduction of Cu. Interestingly, 
at a temperature around 290 ◦C, a broad feature is visible in the profile 
of Cu/SiO2, which can indicate the presence of Cu species that are 
difficult to reduce possibly because strongly interacting with the silica 
support. No such feature was observed in the Cu-1In/SiO2 reduction 
profile. 

Whereas with 5 wt.% of In the reduction of Cu is strongly impaired 
due to severe covering of the Cu by the In, the TPR analyses clearly 
indicate that 1 wt.% of highly dispersed In favors the reduction of Cu and 
prevents the formation of Cu species that are difficult to reduce. But 
again, more Cu in the reduced form cannot explain the higher H2 pro
ductivity at all normalized contact times (Fig. 1c) and the higher TOF 
(see section 3.1) of the Cu-1In/SiO2 catalyst. 

3.4. Electronic structure 

XPS spectra were collected before and after reduction in-situ with H2 
at 300 ◦C as well as after room temperature re-oxidation of the reduced 
samples (Figs. S4–S6). All the data for all the catalysts are listed in 
Table S3, while the surface composition of the catalysts is summarized in 
Table 3. 

No shake up peaks were found in any of the Cu 2p spectra of the H2 
-treated catalysts, thus indicating a complete reduction of the surface 
Cu. The absence of shake up peaks implies that unreduced Cu in the Cu/ 
SiO2 and Cu-1In/SiO2 catalysts (see Table 2) is not on the surface but 
rather hidden into the support and/or the InOx phase. Auger parameters 
were around 1851.0 eV for all the catalysts examined [54]. It was shown 
that the calculated Auger parameter significantly decreased with Cu 
particle size below 25 Å on insulating support materials [55]. Since the 

Fig. 4. Representative TEM micrograph and particles size distribution of Cu-1In/SiO2: a) reduced and b) after reaction (20 h time-on-stream and temperature =
260 ◦C). 
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average particle size in the present study was larger than 25 Å, the value 
of the Auger parameter calculated above shows the presence of metallic 
Cu on the catalyst surface. Cu+ sites from possible incomplete reduction 
remained undetected by XPS measurements. 

The surface Cu/Si and Cu/In atomic ratios, before and after the 
reduction, support what was inferred with the TPR analyses and N2O 
titrations about the InOx encapsulating the Cu and, consequently, its 
exposure. Among the as prepared catalysts, Cu-5In/SiO2 showed the 
lowest Cu/Si and Cu/In atomic ratios, meaning that already after the 
preparation of the catalysts few Cu is available for reduction on the 
surface. After reduction, both ratios drop, further indicating that 
excessive In is detrimental to the exposure of the Cu phase. The fact that 
the few In in the Cu-1In/SiO2 catalyst does not compromise the exposure 
of Cu can be verified by the very similar Cu/Si atomic ratio to the Cu/ 
SiO2 catalyst of about 0.11 (at/at) after reduction. 

As for the position of the XPS peaks, which is influenced by the 
surface electron density [44,56], the Cu 2p3/2 peak of the Cu/SiO2 after 
reduction is centered at 931.8 eV (Table S3), as expected for metallic Cu 

nanoparticles [44,51]. Similar binding energies were measured in the 
case of the In-containing catalysts: 931.7 eV and 931.5 eV for Cu-1In/
SiO2 and Cu-5In/SiO2, respectively. After room temperature oxidation 
of the reduced catalysts, the peaks shifted to higher binding energies 
indicating a re-oxidation of the surface of the catalysts. The In 3d5/2 peak 
position was the highest (445.3 eV for 1 wt% In and 444.9 eV for 5 wt% 
In) in the case of as prepared catalysts, whose surfaces are covered by the 
as deposited hydroxides. The peaks then shifted to lower binding en
ergies (444.2 eV for 1 wt% In, 444.4 eV for 5 wt% In) in both 
In-containing samples after reduction. These B.E. values are attributed 
to the presence of non-stoichiometric InOx on the surface on the basis of 
the previous TPR measurements (see Section 3.3), which showed that 
only partial reduction of In can be achieved after reduction at 300 ◦C 
[25], and because after room temperature exposure to the air these 
species re-oxidized as the +0.6 eV and +0.7 eV shift of the In 3d peaks 
indicate [57,58]. 

In did not form alloys with Cu after reduction, as ruled out by XRD 
and XPS (no B.E. shift of Cu 2p peaks in the presence of In). The close 
vicinity of InOx phase to Cu nanoparticles, as shown by HRTEM (Fig. 2) 
and further supported by decreased N2O adsorption (Table 2), could 
have nonetheless resulted in some interaction that would explain the 
higher selectivity of the Cu-1In/SiO2 catalyst. The apparent progressive 
shift of the Cu 2p3/2 peak towards lower values, along with the con
current increase of the In 3d5/2 peak position (Table S3), although alone 
cannot be a solid evidence, hint to some electron transfer occurring 
between the two. This hypothesis will be confirmed by our theoretical 
modeling in Section 3.5. 

Liu et al. [7] reported that InOx phase promotes the H2 productivity 
of Pt catalysts by enhancing the H2O activation. The same was observed 
with our Cu-1In/SiO2 catalyst by performing H2O-TPD (Fig. 6) analyses 
as it features a second peak at lower temperature compared to the profile 
of Cu/SiO2. Such observation will be fundamental to the theoretical 
modeling (Section 3.5). 

From the above overview, we suggest that the key is the higher 
surface electron density of the Cu nanoparticles. It is well reported that 
Cu catalysts supported on silica are far less performant than those sup
ported on more reducible oxides [16]. The reason is the very poor 
activation of H2O by the support [59], as also verified by us (Fig. 6), and 
because of the high metal-support interaction which hinders Cu reduc
tion [23,60]. The magnitude of such a strong interaction could even 
cause the disappearance of Cu from the surface within few weeks from 
the preparation of the material [48]. Apart from this extreme situation, 
the electron density of metallic Cu nanoparticles supported on silica 
tends to be low, as evidenced by Cu 2p3/2 XPS peaks reported at values 
as high as around 933 eV [51,61]. But by deposition precipitation with 
urea as shown herein, a more reducible silica-supported catalyst can be 
prepared. To provide a comparison, even Cu nanoparticles supported on 
zirconia, which is known to stabilize the reduced state of Cu, have Cu 
2p3/2 peaks at 932.0–932.1 eV [44,62]. Besides stabilizing the Cu 
nanoparticles (see Fig. 4), In or non-stoichiometric InOx might act as an 
“electron buffer”, which might increase the surface electron density of 
the Cu nanoparticles. In the next section the “buffer” role of InOx will be 
investigated by the theoretical analyses. 

The electronics of the metal nanoparticles are crucial for many re
actions [47,63,64], including reforming reactions [65,66] and MSR with 

Fig. 5. a) H2-TPR and b) CO-TPR profiles (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.). 

Table 3 
Surface composition of the Cu/SiO2, Cu-1In/SiO2, and Cu-5In/SiO2 catalysts as prepared, after reduction, and after re-oxidation. Ratios are expressed as atom/atom.   

Cu/Si Cu/In 

Entry As prepared Reduced Oxidizeda As prepared Reduced Oxidizeda 

Cu/SiO2 0.48 0.10 0.16 – – – 
Cu-1In/SiO2 0.36 0.11 0.21 29.46 20.84 25.97 
Cu-5In/SiO2 0.08 0.01 0.01 3.98 0.98 1.02  

a In air at room temperature.  
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Cu-based catalysts [21,67,68]. In a recent publication by some of us 
[21], we described how small Cu nanoparticles in the range of 2–3 nm 
have poor electronic density on their surface but nonetheless are far 
more performant than bigger ones with typical electronic properties. We 
found that methanol preferentially adsorbs on the electron-poor Cu 
nanoparticles rather than on the support, thus speeding up the reaction. 
In the present work we adopted a different approach: The electron 
density of equally small Cu nanoparticles was increased by adding In 
obtaining again a higher H2 productivity. Since such superior produc
tivity is mostly due to an improved selectivity rather than to the meth
anol conversion, especially at high normalized contact times (see 
Fig. 1c), the enrichment of the electron density of the Cu nanoparticles is 
likely to favor the intermediates dehydrogenation and/or the formation 
of molecular H2 [59]. 

3.5. Computational modeling 

DFT modeling was conducted to better understand the origin of the 
enhanced H2 production performance of the In-doped Cu catalyst. 

Catalyst structural models at three different stoichiometry were first 
generated. Initially, reasonable starting geometries of a Cu cluster 
(Cu38O8) and two Cu-In clusters with a different oxygen content 
(Cu38In4O10 and Cu38In4O12) were derived in the gas-phase and then 
deposited on a partially hydroxylated SiO2 (100) surface. The stoichi
ometry of these systems was chosen to model both un-doped (Cu38O8) 
and the experimentally-determined best-performing doped catalyst (Cu- 
1In/SiO2), deriving two different models for the Cu-In system to allow 
for a more oxidized (Cu38In4O12) or more reduced (Cu38In4O10) state of 
the catalyst. In tune with the small size of the catalyst nanoparticles in 
experiment (2–4 nm in diameter) we use finite cluster models as close as 

possible to the experimental situation instead of the more common 
extended-facet models of the catayst. This allowed us to include in our 
model both finite-size effect and the role of the silica support. A number 
of atoms in the catalyst around 50 plus 122 atoms of the support entailed 
a computational effort affordable with our resources, although the final 
simulated size of the particle is around 1–1.5 nm in diameter and 
therefore smaller than in experiment. Then, a Global Optimization (GO) 
search [30] was performed for each cluster starting from random con
figurations and using 1200 Monte Carlo steps with shake moves as 
detailed in Section 2.4, thus obtaining the lowest-energy putative global 
minimum structures as depicted in Fig. 7 and reported in full in the SI. 

The most important outcome of this GO structural search is that, 
despite the fact that the initial configurations of the Cu-In system had In 
atoms also on the top of the cluster far from the support, the GO search 
invariably produced a “necklace” or “belt” of partially oxidized In atoms 
(InOx phase) at the interface with the silica support in the lowest-energy 
structures. The morphology of such “necklace” configurations is 
consistent with experimental evidence of a Cu/In proximity without 
complete alloying nor “burying” of the Cu, as suggested by the absence 
of an apparent shift of the XRD peaks after addition of In (Fig. 3) and 
N2O titrations (Table 2). It is also consistent with the homogeneous 
dispersion of In and a strong binding with the Cu/SiO2 catalyst. It is 
finally consistent with the reduction in nanoparticle size brought about 
by In doping (see Table 2 and the discussion in Section 3.2), since in our 
modeling the proposed InOx buffer “necklace” structure mediates the 
interaction of Cu nanoparticles with the support and stabilizes small 
nanoparticles which therefore do not disaggregate turning into the not- 
easily-reduceable Cu species (presumably strongly interacting with the 
silica support) discussed in Section 3.3. We hypothesize that, reason
ably, such not-easy-to-reduce Cu species do not play a catalytic role, and 

Fig. 6. H2O-TPD analyses on a) Cu/SiO2 and b) Cu-1In/SiO2 catalysts performed after reducing the sample at 300 ◦C for 30 min under H2 flow.  

Fig. 7. Atomistic pictures of optimized lowest-energy putative global minimum structures of: (a) Cu38O8, (b) Cu38In4O10 and (c) Cu38In4O12 cluster catalysts 
deposited on a partially hydroxylated SiO2 (100) surface. 
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we do not try to model them, but rather assume that Cu is mostly 
reduced to a metallic state. Note that in the GO sampling both In and Cu 
are unconstrained and free to interact with the oxygen atoms and the 
support. As a second main outcome of the GO search we derive that In 
atoms have more oxygen neighbors than Cu atoms, i.e., a stronger 
propensity of In to bind to O with respect to Cu, in tune with its stronger 
oxygen affinity. A Lowdin charge analysis reveals that In atoms are 
positively charged by about +0.7 e, with a significant charge transfer 
from In especially to the surrounding O atoms that are negatively 
charged with an average value of − 0.41 e for Cu38In4O10/SiO2 and 
− 0.42 e for Cu38In4O12/SiO2 catalysts. In atoms form strong chemical 
bonds with the neighboring Cu and O atoms (from both the support and 
on the cluster) with average In-Cu and In-O distances of about 2.85 Å 
and 2.12 Å. In short, In atoms are appreciably oxidized and are stabilized 
at the interface by the strong interaction with Cu on one side and SiO2 on 
the other side. Also, we note that the the average oxygen-coordination of 
Cu in Cu38In4O10/SiO2 is closer to that in Cu38O8/SiO2 with rerspect to 
Cu38In4O12/SiO2, so that in the following we will focus on the 
Cu38In4O10/SiO2 cluster as a model of the Cu-1In/SiO2 catalyst. 

To further characterize the electronic structure of our cluster models, 
we evaluated the Core-Level Shift (CLS) of Cu atoms in Cu38O8/SiO2 and 
Cu38In4O10/SiO2, and we report them in Table S4. The average CLS of 
the Cu atoms in Cu38O8 is calculated to be 938.16 eV, and is greater than 
the average CLS of Cu in Cu38In4O10 (938.06 eV) by +0.10 eV. The 
decrease of the calculated CLS in the In-doped catalyst is consistent with 
the experimentally observed CLS in Figs. S4–S6 in which the CLS of pure 
Cu is higher than Cu-In catalyst by +0.3 eV. This confirms that Cu in 
Cu38In4O10 is less oxidized than in pure Cu system due to the presense of 
the InOx interfacial phase. Overall, In acts as an electron donor and 
donates electrons to Cu in the Cu/SiO2 catalyst. We also evaluated the 
CLS of In atoms, but these are less informative, as the difference between 
CLS of metallic and oxidic In phases is not large enough to allow for an 
unanmbiguous interpretation. 

We then investigated the activation and evolution mechanism of H2 
on Cu38O8/SiO2 and Cu38In4O10/SiO2 catalysts to help interpret and 
understand the catalytic activity toward H2 production. We start from a 
key observation in Fig. 6 that the Cu-1In/SiO2 catalyst presents a well- 
formed and narrow H2O-TPD peak at a temperature of 400 ◦C, a tem
perature about 100 ◦C lower than that of the main H2O-TPD peak at 500 
◦C that is present in both pure and doped catalysts. Note that in Fig. 6 we 
monitored the mass signal of H2, so that the TPD reaction of Fig. 6 
actually corresponds to H2O dissociation and consequent H2 evolution. 
We hypothesize that H2O dissociation leading to H2 evolution is a 
meaningful descriptor of the H2 production ability of the given catalyst, 
as also suggested in Ref. [7] for Pt catalysts, and in the following we 
investigate such reaction on our cluster models. 

The H2O dissociation reaction proceeds through two consecutive 
steps: (i) adsorption and dissociation of H2O to produce H* and OH* 
intermediates, followed by (ii) the activation of the O–H bond of the 
OH* intermediate to fully dissociate H atoms that can migrate on 
Cu38O8/SiO2 and Cu38In4O10/SiO2 catalysts and recombine to produce 
H2. Before moving to full reaction profile, it is worthwhile to examine 
the optimal configurations of H2O adsorption in detail. We performed an 
extensive search to determine most preferable adsorption positions of 
H2O molecules on Cu38O8/SiO2 and Cu38In4O10/SiO2 catalysts. H2O can 
be adsorbed on metal clusters in either a O-binding or a H-binding mode 
of adsorption, i.e., with wither O or H atoms closer to the cluster. We 
assumed as initial trial configurations (then confirmed by actual opti
mizations) that H2O binds to metal Cu or In atoms in the O-binding 
mode, whereas it binds to O atoms of the catalysts in the H-binding mode 
(i.e., via hydrogen bonds). To accelerate this search, we started from the 
cluster structures generated by the GO algorithm, added a full layer of 
adsorbed H2O molecules around the clusters, relaxed the geometry of 
the resulting complex, and then individually erased all H2O molecules 
except one at a time and re-optimized the geometry to explore quickly a 
large variety of adsorption sites. Fig. 8 illustrates optimized structures of 

H2O adsorption on the most stable sites of Cu38O8/SiO2 and Cu38In4O10/ 
SiO2 catalysts. The highest adsorption energy is naturally achieved when 
H2O adsorbs over a metal atom simultaneously forming a hydrogen 
bond with the neighboring O atom (H-binding plus O-binding modes) 
with an adsorption energy of − 0.65 eV and − 0.57 eV for Cu38O8/SiO2 
and Cu38In4O10/SiO2, respectively. The adsorption energy of H2O at the 
Cu metal site with a pure O-binding mode is − 0.52 and − 0.41 eV for 
Cu38O8/SiO2 and Cu38In4O10/SiO2, respectively. Note that the adsorp
tion energy of H2O on Cu38O8/SiO2 is a little higher than that on 
Cu38In4O10/SiO2. The geometry parameters of adsorbed H2O are in line 
with these energies: For example, at “Cu and O” site on Cu38O8/SiO2, the 
O…H hydrogen bond has a distance of 1.58 Å, which is shorter than that 
on Cu38In4O10/SiO2 (1.80 Å). One can also observe that the H2O angle in 
adsorbed H2O increases from 104.23◦ to 107.09◦ and one of the O–H 
bonds is slightly lengthened from 0.97 Å to 1.04 Å (as compared to a free 
H2O molecule), indicating that the H2O is activated at this primary step 
of adsorption. 

The H2O adsorption at most preferable sites were then chosen to 
investigate the full H2O dissociation reaction pathway. Fig. 9 illustrates 
schematically the mechanistic steps and reaction energy profile of H2O 
dissociation to produce 2 H* and 1 O* species on Cu38O8/SiO2 and 
Cu38In4O10/SiO2 in the four cases here investigated, while the corre
sponding atomistic pictures of the structures on Cu38O8/SiO2 at the “Cu 
and O” site are shown in Fig. 10 (the configurations of the corresponding 
intermediate states for all cases are displayed in Figs. S7–S9). Note that 
we ignore direct H2O dissociation at In sites as it is not catalytically 
relevant: Briefly, H2O adsorbs too strongly on the InOx interfacial phase, 
increasing O–H dissociation barriers and therefore hindering H2 evo
lution. The initial activation of H2O involves direct dissociation of the 
H–O bond with one of its H atoms pointing towards either Cu or O 
atoms of the catalyst. 

For H2O dissociation at the Cu site, H2O is directly dissociated on the 
Cu atom then proceeds through a transition state in which O–H 
breaking and H–Cu-forming bond concur. This first step requires 
overcoming a barrier of 1.53 eV and 1.23 eV for Cu38O8/SiO2 and 
Cu38In4O10/SiO2, respectively. At variance with the Cu site, H2O adsorbs 
on “Cu and O” site and then easily dissociates between the Cu and O 
atoms of the catalyst forming 2OH* species with small energy barrier 
(Ea) of 0.10 eV and 0.38 eV for the Cu38O8 and Cu38In4O10, respectively. 
This first step is obviously easier on the “Cu and O” site than that on Cu 
site due to the strong hydrogen bond between H of the H2O molecule and 
the O adatom of the catalyst. In the next step, the adsorbed hydroxyl 
*OH can undergo direct dissociation to produce a second H* adatom and 
one O* species. Looking at the optimized transition state structures 
(Figs. S5–S7 and 10), the O–H bond of *OH is lengthened and the 
H–Cu bond which is forming is shortened as compared with the *OH 
intermediate. On Cu38O8/SiO2, this OH dissociation requires over
coming an energy barrier of 1.65 eV at the “Cu” site, and 1.85 eV at the 
“Cu and O” site, respectively, while on Cu38In4O10/SiO2 the Ea for OH 
dissociation is 1.88, eV at the “Cu” site, and 1.22 eV at the “Cu and O” 
site, respectively (Fig. 9). We can therefore conclude that: (i) the OH 
dissociation is the rate determining step (RDS) for H2O dissociation 
(which is reasonable due to the stronger O–H bond in the hydroxyl with 
respect to H2O), and (ii) the bimetallic Cu38In4O10/SiO2 catalyst has a 
better performance than Cu38O8 catalyst due to a smaller RDS barrier. 
Looking at the transition state structures and the weak correlation with 
other descriptors we argue that the decreased barriers to H2 evolution 
can be attributed to an increased structural fluxionality of the Cu cluster 
in the presence of In (see the SI). Note that full H2O dissociation 
(including *OH dissociation) is needed for H2 evolution, as it is obvious 
from the energy profile of Fig. 9, in which the “*H + *OH” configura
tions always represent the resting states. Roughly, we can calculate an 
average barrier for *OH dissociation to be 1.765 eV and 1.525 eV for 
Cu38O8/SiO2 and Cu38In4O10/SiO2, respectively. 

Comparing to experimental results, the Cu-1In/SiO2 H2O-TPD plot in 
Fig. 6 shows two different peaks at temperatures around 673 K and 773 
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K, whereas in Cu/SiO2 H2O-TPD plot only one peak appears at 773 K. 
Estimating the corresponding energy barriers via the Arrhenius equa
tion: k = A exp (Ea/RT), where A is the Arrhenius prefactor (the fre
quency factor), R is the universal gas constant, T is the temperature (in 
K) and Ea is the energy barrier, and assuming for definiteness a turn- 
over-frequency (TOF) of 4.2 s− 1 and an Arrhenius prefactor A = 1 ×
1013, our estimate for the experimental barrier is ≈1.65 eV for the peak 
at 673 K, and ≈1.90 eV for the peak at 773 K, respectively. The order of 
magnitude of the experimentally estimated barriers for the main H2O- 
TPD peak is thus close to the larger energy barriers predicted from 
theory (1.88 eV for “Cu and O” site on Cu38O8/SiO2 and 1.85 eV for “Cu” 
site on Cu38In4O10/SiO2). Moreover, in agreement with the experiments, 
theory predicts that on the bimetallic Cu-In catalyst energy barriers exist 
appreciably lower than those on pure Cu, although the theoretically 

predicted decrease (around 0.4 eV, i.e., from 1.65 eV for “Cu” site on 
Cu38O8/SiO2 to 1.22 eV for “Cu and O” site on Cu38In4O10/SiO2) is 
larger than that estimated from experimental H2O-TPD plot (0.25 eV, 
from 1.90 eV to 1.65 eV). 

In summary, DFT calculations confirm that the electronic properties 
of Cu atoms in Cu/SiO2 are influenced by the presence of In, as evi
denced by the CLS and Lowdin charge analysis: In acts as an electron 
donor and donates electron charge to Cu. The bimetallic Cu-In catalyst 
model also exhibits a superior catalytic activity for the direct dissocia
tion of H2O to H* and O* products with smaller energy barriers, in good 
agreement with and rationalizing experimental H2O-TPD data. Taking 
then H2O dissociation as a good descriptor of H2 evolution, the 
conclusion that In-doping can enhance catalytic H2 production of Cu 
catalysts, and that Cu-1In is superior to pure Cu, is supported and 

Fig. 8. Atomistic pictures of H2O molecules positioned on preferred adsorption sites on (a,b) Cu38O8/SiO2 and (c,d) Cu38In4O10/SiO2 catalysts, in either (a,c) O- 
binding or (bd,) H-binding modes. Adsorption energies in eV are reported as Eads values. Selected interatomic distances are also reported. 

Fig. 9. Schematic energy profiles for H2O dissociation to produce 2 H* and 1 O* products on (a) Cu38O8/SiO2, and (b) Cu38O8/SiO2 and Cu38In4O10/SiO2 catalysts.  
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rationalized by our DFT modeling. 

4. Conclusions 

With this work we demonstrated that the potentiality of In in het
erogeneous catalysis can be extended to the promotion of the H2 selec
tivity and productivity during MSR reaction by influencing the structure 
and electronics of Cu nanoparticles. 

To this purpose, a series of In-modified catalysts were synthetized via 
a urea-assisted co-precipitation method resulting in Cu-In/SiO2 bime
tallic catalysts with homogeneously dispersed InOx phase in tight 
interaction with small Cu nanoparticles (2.6 nm). The catalytic activity 
tests showed that just 1 wt.% of In promotes the reaction by producing 
an almost stoichiometric H2/CO2 stream already at reaction tempera
tures as low as 220 ◦C. For comparison, at the same conditions, the Cu/ 
SiO2 catalysts exhibited a lower H2 selectivity, a H2/CO2 ratio of 2.76 
mol/mol, and in turn lower H2 productivity. 

Via a series of characterization tools, i.e., XPS XRD, N2O titrations, 
TPR analyses with H2 and CO, and CH3OH- and H2O-TPD, supported by 
computational modeling correlating H2 selectivity with the novel H2O- 
TPD peak observed in experiment for the Cu-In/SiO2 catalyst, we 
rationalized that the enhanced H2 selectivity is due to an enrichment of 
electron density of the Cu nanoparticles in the presence of In, in tune 
with theoretical-suggested structural phenomena, that is, the formation 
of InOx “necklace” buffer phases at the interface between the Cu nano
particles and the silica support and an enhanced fluxionality of the 
catalysts. Interestingly, the higher the In content, the higher this elec
tron enrichment. However, too much In (as in the 5 wt.% trials) leads to 
covering the surface of the Cu with InOx species thus ultimately deac
tivating the catalyst. The opposite promoting and detrimental effects of 
In must therefore be carefully balanced in order to obtain the desired 
overall positive effect on the H2 production. 

This work provides a clear evidence of how In acts as H2 production 
booster for Cu catalysts in MSR, paving the way to even more active 
catalytic materials. Building on our previous research on Cu-based cat
alysts for the MSR reaction [21], we showed how strong the impact of 
the structure and electronics of Cu nanoparticles in the range of 2–3 nm 
is on the catalytic activity and how that is a potent tool to increase the H2 
productivity. 

CRediT authorship contribution statement 

Filippo Bossola: Conceptualization, Validation, Formal analysis, 
Investigation, Resources, Data curation, Writing - original draft, Visu
alization, Writing - review & editing. Thantip Roongcharoen: Inves
tigation, Formal analysis, Visualization, Writing - original draft. Mauro 
Coduri: Investigation, Visualization, Formal analysis, Writing - original 
draft. Claudio Evangelisti: Investigation, Visualization, Writing - 
original draft. Ferenc Somodi: Investigation, Formal analysis, Writing - 
original draft, Visualization. Luca Sementa: Software, Resources, 
Investigation. Alessandro Fortunelli: Methodology, Formal analysis, 
Supervision. Vladimiro Dal Santo: Supervision, Project administration, 
Funding acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

The authors thank the financial support through BIKE project, this 
project has received funding from the European Union’s Horizon 2020 
research and innovation program under the Marie Skłodowska-Curie 
grant agreement No 813748. The authors also thank Miklós Németh of 
Centre for Energy Research, Budapest, for his precious contribution with 
the XPS analyses. 

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.2021.120398. 

References 

[1] A. Gervasini, J.A. Perdigon-Melon, C. Guimon, A. Auroux, An in-depth study of 
supported In2O3 catalysts for the selective catalytic reduction of NOx: the influence 
of the oxide support, J. Phys. Chem. B 110 (2006) 240–249. 

[2] H. Berndt, F.W. Schütze, M. Richter, T. Sowade, W. Grünert, Selective catalytic 
reduction of NO under lean conditions by methane and propane over indium/ 
cerium-promoted zeolites, Appl. Catal. B: Environ. 40 (2003) 51–67. 

[3] H. Lorenz, W. Jochum, B. Klötzer, M. Stöger-Pollach, S. Schwarz, K. Pfaller, 
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