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Abstract
Adsorption and reaction site heterogeneity of titania-supported (10%Co + 0.5%Pd) 
catalysts in CO hydrogenation was studied by chemisorption, temperature-pro-
grammed desorption, and diffuse reflectance infrared Fourier transform spectros-
copy techniques. Precursor material was treated in various media as reductive, inert, 
or oxidative. Cobalt metal sites and  TiO2 support heterogeneity were proved. Upon 
 H2 chemisorption, a pre-reduced sample exposed mostly homogeneous metal sur-
face. Surface heterogeneity toward CO chemisorption depended on preliminary 
treatment. A catalyst prepared in inert medium revealed moderate activity dynamics 
of adsorption and reaction sites. Weak to medium strength sites toward hydrogen 
adsorption were relatively strong in terms of CO adsorption. Carbonate-(like) spe-
cies occupied medium and strong sites on the support. Sites of weak strength for CO 
adsorption were active in hydrogenation but very strong in terms of  CHx intermedi-
ates adsorption.
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Introduction

CO hydrogenation to hydrocarbons is a process which is exploited for years in suc-
cession. In broad terms the process is described as kind of polymerization. The 
monomer is formed at catalyst surface and then it is imported into increasing C–C 
chain. Existence of more than one monomer is possible. There are different sup-
positions about the process mechanism but without unanimous opinion [1]. The 
CO insertion mechanism (hydroformylation) is based on CO insertion into Me–H 
or Me–R followed by sequential hydrogenation and elimination of water. The enol 
mechanism supposes that condensation of adjacent Me=CHOH occurs and is fol-
lowed by elimination of water. The carbide (carbene) mechanism says that CO 
dissociates on the surface to surface carbide and then it is sequentially hydrogen-
ated to CH,  CH2,  CH3 and  CH4 or higher hydrocarbons. In this mechanism CH or 
 CH2 are considered as the chain initiators and propagators [1, 2]. Both cobalt and 
palladium metals are active alone in the reaction to promote synthesis of different 
compounds from the same reagents [3–5]. Palladium-promoted cobalt catalysts are 
widely studied too for CO hydrogenation [6–15]. Adsorption of reagents, intermedi-
ates, and products is an important step in the reaction mechanism of heterogeneous 
catalytic processes. The catalyst itself and existence of stable adsorbates and spec-
tator species can impede identification of the real intermediates. Studying carbon 
monoxide hydrogenation, the CO molecule operates in the reaction as both a reagent 
and a probe, which provides information about the catalyst surface.

Adsorption sites are examined by type, strength, and quantity. Hydrogen chem-
isorption, being dissociative, determines only  Co0 and  Pd0 sites and is usually 
regarded  as linear (atop) type of Me–H configuration. Hydrogen temperature-
programmed desorption  (TPD) is used to distinguish sites by strength due to the 
peak position whereas the peak area allows determination of site relative amount. 
Hydrogen adsorption cannot be revealed by infrared spectroscopy (IRS) itself, how-
ever it provides indirect strategy to obtain relevant conclusions [16]. CO adsorbs 
on  Co0 and  Con+,  Pd0 and  Pdn+, and support. Adsorption can be linear or  multi-
center as well as associative and dissociative. TPD of CO gives information about 
site strength and, in combination with IRS study, is helpful to determine the type of 
adsorbed species.

Factors and aspects of the (metal) particle surface heterogeneity.

Throughout reaction, the adsorption sites may work like reaction sites as well due to 
appropriate properties like energy, strength, and stability [17]. Different factors may 
affect the functions, which an adsorption site performs in reaction: reduction, recon-
struction, agglomeration, electronic effect, structural (ensemble) effect, etc. [18, 19]. 
Certain adsorption sites might be low  active or inactive in a studied reaction but 
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could be activated under reaction conditions.  Below effect of several factors and 
aspects of their influence on the surface sites heterogeneity are discussed.

Reduction and heterogeneity

Reduction of cobalt oxide phases is a stage in the preparation of catalysts with appli-
cation in CO hydrogenation. It has been found that well reduced cobalt sites bind 
more strongly carbon monoxide [20]. Together with  Co0 sites, using CO adsorption, 
are also registered  Co2+ and  Coδ+ sites on the catalysts as well as sites designated 
as α, γ, δ, β distinguished by the strength of interaction with the support [20–22]. 
During high temperature adsorption (230–300  °C) of CO on surface with pread-
sorbed hydrogen it has been established larger amount of adsorbate, new adsorption 
sites disclosure in comparison with the same experiment but carried out at room 
temperature [23]. A different infrared band is registered when CO and  H2 are co-
adsorbed compared to sole adsorption of CO and it is denoted as characteristic about 
H–Co–CO species [24].

Reconstruction and heterogeneity

CO adsorption can give rise to linearly and multi-bonded species. The couples of 
bands at 1937/2035 and 1974/2054   cm−1 represent couples of CO adsorbed linear 
and bridge and are assigned, respectively,  to adsorption on hexagonal and cubic 
cobalt [24]. There is a possibility for transforming surface species due to site recon-
struction and adsorbate amount under reaction conditions. The catalyst surface con-
tains different crystal facets. During adsorption and reaction the type of the facets 
and ratio between them can change continuously because the atoms building them 
up participate in the processes [25]. Thus, part of the surface may operate only as 
adsorption sites and another fraction may act as reaction sites [26, 27]. In turn, the 
latter sites, depending on their structure,  participate with varying probability in 
hydrocarbon chain growth and/or hydrogenation reactions [28, 29]. It is established 
that the preferred mechanism of carbon chain lengthening over hexagonal Co is 
affected by type of the exposed facet. There are reports about studies on Co(10–10), 
Co(10–11), and Co(0001) facets. So for example preferred facet and mechanism 
of C–C chain increase are, respectively,  Co(10–10) and carbide mechanism than 
Co(0001) and CO insertion mechanism [30, 31].

Electron and ensemble effect and heterogeneity

Palladium and cobalt form bulk mixed phases [6–8, 32–34] that determine ver-
satility of surface composition and development of adsorption sites  with modi-
fied properties. A combination of metal atoms on the surface of bimetallic par-
ticles results in a decrease of the number of sites responsible for multicenter CO 
adsorption [18, 35] and diminished stability of the surface species [36]. Using a 
carrier with catalytically active phase brings in additional element of heterogene-
ity having three aspects of behavior as a new constituent that induces new fea-
tures in the system. The support is characterized by own heterogeneity determined 
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from crystal  structure and changes induced in carrier electronic structure at the 
boundary with a supported metal particle and/or in its vicinity [9, 37–41]. Poros-
ity of carrier can affect adsorption properties too as in case of large pores large 
well reduced metal crystallites can be formed [24]. Intrinsic to titania is the phe-
nomenon of strong metal-support interaction (SMSI) that may appear at different 
stages of catalyst formation and work [42–47]. Titania special features may lead 
to changes in cobalt dispersion. Possibility for alloy formation and changes in 
carrier before and during reaction may create additional adsorption and reaction 
sites as well as modification of existing traditional centers.

Also opinion about site function has been suggested that linear adsorption, 
dissociation and CO insertion are accomplished at same active site. Other type 
of site, for direct dissociation, is linked to high hydrogenating activity but quick 
deactivation [20]. Adsorption site, being inactive in CO  dissociation or hydro-
genation, may participate in hydrogen activation, i.e. to serve as reaction site for 
 H2 dissociation under reaction conditions.

In respect to the discussed above evidence, this work considers adsorption and 
reaction site heterogeneity of  TiO2-supported (10%Co + 0.5%Pd) catalysts in the 
reaction of CO hydrogenation.

Experimental

Materials

Co(NO3)2⋅6H2O and Pd(NO3)2⋅2H2O were used for synthesis of catalysts. The 
salts were of pro analysi quality Merck products. Non-porous  TiO2 carrier P25 
type with specific surface 50   m2/g was commercial product of Degussa. The 
purity of gases applied in different stages of the investigation was 5.0 grade 
except for carbon monoxide that was of 3.5 grade. Unless another provider is 
indicated, Messer Bulgaria, part of the Messer Group, supplied all gases and gas 
mixtures used in this study.

Synthesis and pretreatment of catalyst material

Bimetallic (10%Co and 0.5%Pd) catalyst precursor was prepared by deposition 
of metal nitrate salts from aqueous solution on  TiO2. Previous  investigations have 
shown the selected composition of the studied system to be optimal  [10, 11, 48]. 
Obtained suspension was dried at 60 °C in vacuum for 24 h. Portions of dried pre-
cursor were treated solely in a flow of either hydrogen or Ar, or air in a procedure 
of successive heating at 100, 200, and 300 °C for 1 h at a heating rate of 100 °C/h 
between steps. This pretreatment mode was carried out in situ in the measuring cell 
of applied device. According to used medium  (H2, air, Ar/N2) thus prepared catalyst 
samples were denoted as  (red), (ox), and (inert) after precursor treatment.



2151

1 3

Reaction Kinetics, Mechanisms and Catalysis (2024) 137:2147–2171 

Characterization technics and related calculations

Quantities of the chemical elements in the prepared catalyst material were deter-
mined  using an inductively coupled plasma atomic emission spectrometer (ICP-
AES) model 3410 with a mini burner and a vacuum system (ARL, USA). Measure-
ments were carried out after acid decomposition of the solid substance.

Chemisorption of hydrogen and carbon monoxide (Fluka) was measured 
on  reduced catalyst samples by volumetric method in an all glass device using 
150 mg of the substance.  H2 (CO) adsorption determined by this method is not selec-
tive toward cobalt and palladium, i.e. a fraction of both metals on the sample surface 
could not be distinguished. Monolayer capacity  amono was calculated after successive 
reduction at 300 and 400 °C for 1 h and at 450 °C for 2 h in hydrogen flow followed 
by evacuation to P = 1 ×  10–5 Torr at 450 °C. Experimental determination was real-
ized by back extrapolation of the linear isotherm saturation branch to zero pressure. 
Hydrogen adsorption isotherms were obtained at a temperature of 100 °C in order 
to minimize absorption in the bulk of palladium [49] and to activate adsorption on 
cobalt [50, 51]. CO chemisorption was measured at room temperature. The frac-
tion of irreversibly (strongly) adsorbed CO was calculated as difference between the 
total and reversible (weak) chemisorption. Experimentally, this was accomplished 
by measuring the total CO adsorption, evacuation at room temperature to  10–6 Torr, 
and measuring the reversible CO adsorption [42]. Irreversible adsorption of CO fur-
ther in the text will be referred simply as “CO adsorption”. Dispersion of the cata-
lytically active metal was calculated from hydrogen chemisorption data by the fol-
lowing formula:  DH =  Ns/N =  amono . X .  ACo.  APd/(CCo .  APd +  CPd .  ACo), where  Ns 
is the number of metal atoms on the surface, N is the total number of metal atoms 
in the sample,  amono is monolayer capacity (mol/g), X is stoichiometry of adsorption 
(in the case of hydrogen X = 2),  ACo and  APd are respective element atomic masses 
(g/mol), and  CCo and  CPd are element contents in the catalyst expressed as parts of 
the unit (1).

In order to study adsorption–desorption equilibrium experimental data was 
adjusted to  the models of Freundlich and Langmuir [42, 52–54]. The equa-
tion a =  amono .   KL .  p/(1 +  KL .  p) represents  Langmuir model of adsorption iso-
therm [52, 54, 55]. The meaning of the parameters is as follows: a—equilibrium 
adsorbed amount (µmol/g),  amono—adsorption capacity of monolayer (μmol/g), p—
equilibrium adsorbate pressure (Torr) and  KL—Langmuir constant  (Torr−1).  KL is 
inversely proportional to enthalpy of adsorption, ΔHads, and activation energy. The 
equation a =  KF .  p1/n represents Freundlich isotherm [52, 54, 56]. Isotherm param-
eters are: a—adsorbed amount at equilibrium (µmol/g), p—equilibrium  pressure 
(Torr),  KF—relative adsorption capacity (µmol/g.Torr1/n). Factor n accepts val-
ues between 0 and 10 and represents adsorption deviation from linearity, i.e. it is 
related to heterogeneity. Values of n < 1 are indicative of disadvantageous adsorp-
tion/low sorption  capacity. The exponent can accept values 1 ≥ 1/n or 1 ≤ 1/n [57, 
58].

Catalyst characterization by scanning electron microscopy (SEM), transmis-
sion  electron microscopy (TEM), electron paramagnetic resonance spectroscopy 
(EPR), photon  cross-correlation spectroscopy (PCCS), and X-ray photoelectron 



2152 Reaction Kinetics, Mechanisms and Catalysis (2024) 137:2147–2171

1 3

spectroscopy (XPS) was done using samples initially tested for catalytic activity in 
CO hydrogenation. The conditions  used for catalytic tests and analytical methods 
can be found elsewhere [12, 13].

Microscopy studies were applied to inspect and visualize morphology of cata-
lysts. A Topcon EM-002B transmission electron microscope (Japan) working with 
acceleration voltage of 200 keV, resolution of 1.8 Å, and possibility about 100 to 
2 ×  106 magnification of the real object was used. Energy dispersive X-ray analysis 
(EDX) of selected 14-nm diameter areas from samples was performed by KEVEC 
analyzer. In addition, a MIRA3 FE-SEM scanning electron microscope (TESCAN, 
Czech Republic) working at accelerating voltage up to 30 kV and magnification up 
to  106 was used. An EDX accessory (Oxford Instruments, UK) of the microscope 
allowed determination of chemical composition.

Ex situ spectra based on EPR phenomenon were recorded on a JEOL JES-FA 
100 EPR spectrometer (Japan) operating in X-band with standard TE011 cylindrical 
resonator. An ES-DVT4 Varied Temperature Controller provided spectra detection 
at a temperature of − 150 °C. The desired low temperature was achieved by a cool-
ing gas (liquid nitrogen) system, which was controlled by spectrometer computer.

PCCS was applied to determine particle size distribution in the studied materi-
als. Data  were derived by a Nanophox instrument (Sympatec GmbH, Germany). 
Samples were dispersed in distilled water, and then the suspensions were exposed 
to supersonic treatment  for 15  min. The cuvette with suspension was placed in a 
thermo-controlled holder (25  °C) at  least 5  min before measurement commence-
ment. Five measurements of each sample were carried out for a period of 900 s.

XPS was used to study sample surface after catalytic measurements. Analysis 
was carried out using ESCALAB MkII (VG Scientific, UK) electron spectrometer 
at a base pressure in the analysis chamber of 5 ×  10–10 mbar (during the measure-
ment  1x10–8 mbar), using Al  Kα X-ray source with excitation energy hν = 1486.6 eV. 
Pass energy of the hemispherical  analyzer was 20  eV with 6-mm slit widths of 
entrance and exit. Instrumental resolution measured as the full width at a half maxi-
mum (FWHM) of the  Ag3d5/2 photoelectron peak was 1 eV. The energy scale was 
corrected for electrostatic charging using the Ti2p peak maximum at 458.8 eV for 
 TiO2. Spectra processing included subtraction of X-ray satellites  and Shirley-type 
background [59]. Peak positions and areas were evaluated by a symmetrical Gauss-
ian–Lorentzian curve fitting. Relative concentrations of the different chemical spe-
cies were determined based on normalization of the peak areas to their photoioniza-
tion cross-sections as calculated by Scofield [60].

Investigations of the catalysts by TPD were also accomplished using samples of 
preliminary tested materials for catalytic activity in CO hydrogenation as mentioned 
above. Sample handling for surface  characterization was performed after prelimi-
nary treating successively in Ar and  H2 flow at 300 °C for a period of at least 30 min. 
TPD of hydrogen and CO was carried out in a SETARAM DSC-111 (France) dif-
ferential scanning calorimeter flow reactor. A gas  chromatograph equipped with 
thermal conductivity detector (TCD) monitored changes in outlet gas composition. 
Charge of studied catalyst was 95 mg. Adsorption of hydrogen was carried out at 
100 °C for 1 h from a gas flow of 20 ml/min followed by cooling down to room tem-
perature [49–51]. Carbon monoxide adsorption was accomplished at 200 °C from a 
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gas flow mixture of 10% CO in He (20 ml/min) for 1 h and cooling down to room 
temperature in the mixture. Desorption of hydrogen was implemented in Ar flow 
(20 ml/min) and that of CO in He flow (20 ml/min) from 27 up to 400 °C at a heat-
ing rate of 10 °C/min. Flow rates were measured by Matheson mass flow controller 
(USA) within 1% accuracy. The obtained desorption spectra are denoted as TPD-H2 
and TPD-CO.

Catalytic tests

Catalyst sample stability in the reaction with time on stream was studied in  situ 
by diffuse-reflectance infrared spectroscopy (DRIFTS) by means of a FTIR Nico-
let 6700  spectrometer (Thermo Electron Corporation, USA). A high tempera-
ture vacuum chamber  (Thermo Spectra-Tech, USA) equipped with  CaF2 windows 
(1111–4000   cm−1) mounted in  diffuse-reflectance accessory Collector II (Thermo 
Electron Corporation, USA) was used and shown in Fig. 1. Spectra were recorded at 
a resolution of 4 (data spacing 1.928  cm−1) and 100 scans. Measurements were per-
formed using materials preliminary tested for catalytic activity in CO hydrogenation 
as mentioned in  section Characterization technics and related calculations. Sample 
was preliminary treated by same way as before TPD studies, namely, in sequence 
in Ar and  H2 flow for 30 min at 300 °C. Experiments were carried out with 30 mg 
of studied sample in a flowing  H2 + CO mixture of 4:1 at a rate of 8 ml/min. (It is 
conformed to fact that at higher rates part of the sample can be blown away from 
the catalyst bed in the interior of the cell. Also, a slow flow ensures longer contact 
time with the catalyst surface). The measurements were performed at 250 °C within 
a period of 5 h. Heating to the desired level was conducted at a rate of 10 °C/min 
and kept further using a CAL 9400 Dual Display Autotune Temperature Controller 
(CAL Controls, UK, USA).

CO conversion rate K (%) was determined on the basis of integral intensity (II) of 
high-frequency wing of infrared band characteristic for gaseous carbon monoxide. 

Fig. 1  Scheme of high temperature-vacuum chamber used in in situ DRIFT studies
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This parameter value was calculated like a ratio between integral intensities corre-
sponding to converted and initial CO in gas flow by the formula K = ((IIroom −  IIi)/
IIroom).100, where  IIroom is integral intensity of high-frequency wing of gaseous CO 
band determined at room temperature and  IIi is integral intensity of high-frequency 
wing of gaseous CO band determined at 250 °C in the i-minute. As an index of the 
catalyst activity in the main reaction, namely CO +  3H2=CH4 +  H2O [50, 61–65], 
was used the intensity (height) of the needle-like band characteristic for  CH4.

Results and discussion

Results from characterization of studied materials

Analysis of element composition by ICP-AES showed that synthesis method 
used  ensured very good correspondence between target and obtained quantitative 
characteristics about metal content (Table 1).

Dispersion determined by hydrogen chemisorption measurements showed that 
the specific surface of the supported metals that ensured contact with reagents was 
small, i.e. large metal particles were formed in the catalysts. Small surface area of 
applied support and operation of SMSI should not be excluded as important factors 
having impact on metal surface formation and could contribute in this case.

Experiments were carried out with samples of catalysts already reduced at 450 °C 
and tested in the reaction of CO hydrogenation [12, 13]. Table 1 reveals information 
about composition, metal surface, and morphology of the catalysts.

TEM and SEM together with PCCS analysis found that particles of different 
shape and size existed in the catalysts. Agglomerates were observed in all sam-
ples. The microscopy studies showed that common features of the studied sam-
ples were metal heterogeneous  distribution in the samples and heterogeneity in 
particle chemical composition. A TEM image  of (10%Co + 0.5%Pd)/TiO2(red) 
sample reduced at 450 ºC is displayed in Fig.  2. The bright  area of the image 
corresponded to titania support and dominant content of the metal phase  was 
characteristic about the dark fields. A special feature of the (10%Co + 0.5%Pd)/
TiO2(red) sample was concerned with high relative part (percentage) of titanium 
content and absence of  palladium in particle analysis. In this connection, EDX 
analysis showed presence of areas  containing only cobalt. It could be accepted 
that there existed large metal particles covered by a modified titania layer of sig-
nificant thickness as result from SMSI. Missing data about the presence of pal-
ladium particles can be explained by the following mechanism of reduction. Pal-
ladium was easily reduced below 100 °C before starting reduction of cobalt oxide 
phases  (cobalt ions). The palladium particles formed were a source of nascent 
hydrogen participating in reduction  of cobalt phases and simultaneously they 
could play a role of nuclei to form bimetallic particles. The surface layer of such 
bimetallic particles was enriched in cobalt due to migration of the cobalt atoms 
or agglomeration of small clusters. Observations during SEM–EDX showed 
that clearly outlined edges and walls of irregular geometric shapes character-
ized  particle morphology. Agglomerates of smaller or larger size were present 
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in the studied samples. Most formations had a clearly pronounced layered struc-
ture. It could be attributed to the used method of synthesis and fact that already 
formed catalysts were studied. The catalysts have worked in reaction conditions 
at different temperatures and phenomenon of agglomeration has reflected on the 
particle structure. Figs. 3 and S1 illustrate findings as layered structure and het-
erogeneous element distribution, respectively. PCCS revealed that all particles of 

Fig. 2  TEM image of 
(10%Co + 0.5%Pd)/TiO2(red) 
sample after reduction at 
450 °C. EDX analysis: area 
1: Ti-81%, Co-19%; area 2: 
Ti-78%, Co-22%

Fig. 3  SEM image of 
(10%Co + 0.5%Pd)/TiO2(ox) 
catalyst
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the (red) type of sample were of size 40–120-nm while (ox) and (inert) type cata-
lysts exposed wider particle size distribution where larger particles predominated 
(Table 1).

Existence of large metal particles as chemisorption data showed and registration 
of agglomerates found by microscopy and PCCS investigations could be explained 
by the fact that all samples were reduced at 450 °C and tested under reaction condi-
tions. Despite poor dispersion, we consider that thus prepared samples were already 
formed as stable catalysts  and would not change during further examination or 
slightly changed to a little extent.

EPR measurements were carried out at a temperature of −  150  °C. All tested 
samples showed a broadened line to such an extent that was almost impossible to 
register a spectrum.  Most likely this feature was due to antiferromagnetic state. 
However, with the (ox) catalyst, a weak signal with g-factor of 1.9751 was recorded. 
It was attributed to  Ti3+ [66].

XPS study of the samples registered cobalt and palladium ions as well as metal-
lic Pd on the surface. The presence of metals in oxidized state in the used samples 
was due presumably to the ex situ measurements. During exposition to air, oxygen 
adsorption and oxidation of the metal particle top surface layer might proceed [67, 
68]. At first sight, the O/Ti ratio for the samples was 2.1–2.3, being higher than the 
stoichiometry for pure support (Table 1). Deconvolution of the O1s spectra (Figs. 4 
and S2) showed that the latter were composed by three sub peaks [69]: (i) O in Me-O 
metal oxides (6–8 atom% bearing in mind stoichiometry of 1/1), (ii) O in Ti–O–Ti 
(40–44 atom%), (iii) O in OH groups and/or  Ti3+ (oxygen vacancies) (8–10 atom%, 
14–17 wt%). The obtained data indicated that actually the O/Ti ratio was less than 
2, i.e. it was below the stoichiometric one and presuppose oxygen deficit in titania 
 TiO2−x.

Fig. 4  High resolution O1s 
spectrum of (10%Co + 0.5%Pd)/
TiO2 catalyst prepared by treat-
ment of precursor in air
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Previous investigations of same systems by hydrogen chemisorption showed 
appearance of SMSI effect at reduction temperatures around and above 400 °C [12]. 
This phenomenon is not an obstacle these materials to be active catalysts for CO 
hydrogenation. In situ DRIFTS studies carried out at different reaction temperatures 
showed uncover of new metal surface at T > 150 °C [13], which is related to the pro-
duced in the process water. It has been found that effect of SMSI can be diminished 
by presence of water molecules [70]. Thus, EPR and XPS data showed that effect 
of SMSI is not totally removed. EPR and XPS results indicated availability of oxy-
gen vacancies and  Ti3+ ions in the catalyst(s) testifying about strong metal-support 
interaction (SMSI) induced during sample  reduction and preserved after catalytic 
runs and sample exposition to air for further studies. SMSI existed in all samples, 
but it appeared to a highest extent in the (ox) catalyst samples  (Fig.  4) where, in 
contrast to (red) and (inert) samples (Fig. S2),  Ti3+ ions were detected together with 
the fact  that the (ox) samples contained the highest oxygen-deficient titania (17%) 
among the three types of preliminary treated preparations.

Performance in CO hydrogenation, sites and species

Applying in  situ DRIFTS, stability with time on stream (TOS) in the reaction of 
CO hydrogenation was followed for 5 h at 250 °C after preliminary cleaning of the 
sample  surface at 300  °C as pointed out in the Experimental (Figs.  5 and S3). A 
reaction temperature of 250  °C was chosen taking into account previous experi-
ments concerned with the effect of reaction temperature and necessity of well pro-
nounced characteristic spectral band of  CH4 [13].

Analysis of the different spectra showed changes of band intensity with 
time.  Increased intensity of the band at around 2143   cm−1 due to gaseous CO 
(decrease of CO conversion, respectively) and diminished intensity of the band at 

Fig. 5  In situ DRIFT spectra 
collected during CO hydrogena-
tion stability tests over titania-
supported cobalt–palladium 
catalyst prepared by treatment of 
precursor in Ar/N2



2159

1 3

Reaction Kinetics, Mechanisms and Catalysis (2024) 137:2147–2171 

3015/18   cm−1 characteristic of methane were observed. Band intensity diminution 
was also found at 2027 (Fig. 5) and 2036  cm−1 attributed to CO–Co0 linear surface 
species (Fig. S3,  B) and at 2040   cm−1 for CO–Coδ+  surface species (Fig. S3,  A) 
[71]. Bands characteristic of linearly  adsorbed CO on metallic cobalt (CO–Co0, 
CO–Coδ+) differed in position owing to cobalt cluster size upon building up the par-
ticle. Larger clusters gave rise to bands at lower wavenumbers (2027  cm−1) whereas 
smaller entities caused a slight blue shift (2036   cm−1) [72]. Some special features 
should be outlined. A faster decrease in CO conversion from 50 to 35% with (inert) 
sample and a noticeable higher level of  CO2 formation especially with (ox) sam-
ple, as  indicated by well resolved band despite its low intensity, were found. Fur-
ther IR data show an  insignificant decrease in intensity of the band at 2040   cm−1 
assigned to CO–Coδ+ species on  (ox) sample compared to the respective  band in 
the spectra of samples of different precursor treatment. High intensity of the bands 
at 2958   cm−1 and at 2854 and 2926   cm−1 due to  CH3  and  CH2 groups of hydro-
carbon species, respectively,  [71] were also detected. Upon  use of (inert) sample, 
the latter decreased faster with time on stream relative to the other counterparts. It 
seemed that  CH2 species was hardly involved in chain formation of long  entities 
but rather occupied active surface sites. However, part of these sites did not pro-
mote  smooth  CH2 species transformation [27] into methane or chain formation to 
higher hydrocarbons. In the opposite situation, a decrease in  CH4 formation would 
not have been so pronounced. This process caused some type of poisoning or block-
age of the metal particle surface [17]. Bands at 2027 and 2036  cm−1 were broad that 
showed existence of different cobalt sites (with close energy) including  Coδ+, i.e. the 
catalysts operated on the basis of  Co0/Coδ+ pair activity. The maxima showing pre-
dominant on the surface cobalt site gave also indirect information about the amount 
of  Coδ+ centers. Thus at the base of 2027  cm−1 band could be concluded that  Co0/
Coδ+ ratio is the largest, respectively,  the  Coδ+ was the least in the (inert) sample. 
Larger cobalt particles place high active surface for dissociation and hydrogenation. 
Probably partly positive cobalt was responsible for cleaning, dissociating and hydro-
genating surface undertaking  CH3 and  CH2 species participating in their motion on 
the surface of catalyst. Since for the (inert)-type of sample this kind of cobalt sites 
was small the  CHx intermediates accumulated on the surface and deactivated cata-
lyst in some extent.

As mentioned above the intensity of bands at 2027–2040   cm−1 decreased with 
time on stream. The samples could be arranged in descending order as (inert) > (red) 
≈ (ox).  Regarding initial band intensity, a different sample arrangement was 
formed:—(ox) > (inert) ≈  (red). The latter behavior was attributable to differences 
in structure and number of CO adsorption sites, and site reactivity and work on the 
catalyst material surface. In the case of   Coδ+ site (band at 2040  cm−1) this feature 
was due to reduction of cobalt, metal particle agglomeration, and cobalt segregation 
on the metal particle surface. Considering a  Co0 site (band at 2027 or 2036  cm−1) it 
could be the result of metal surface decoration by partly reduced titanium oxide, i.e. 
a strong metal-support interaction. In addition, accumulation of hydrocarbon inter-
mediates could be the reason with (inert)-type catalyst.

On the surface of (inert) and (red) type of the studied catalysts formation 
of monodentate (1358/90, 1427–45, 1534   cm−1), bidentate carbonate (1267, 1534, 
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1622   cm−1),  and formate species (1358/90, 1427–45, 1534, 1622   cm−1) [71] was 
found. In the  spectra of the (inert) sample, a higher absorption at 1600   cm−1 was 
recorded as a whole. Multidirectional changes of separate bands were registered for 
this sample: the bands at 1427–45 and 1622  cm−1 increased in intensity with time on 
stream while the bands at 1534 and 1267  cm−1 remained unchanged. Comparative 
analysis of the variation of the intensity of individual bands in view of their associa-
tion with certain surface intermediates allowed confirming an increased amount of 
formate species and a relatively constant quantity of bidentate carbonates on (inert) 
sample. It is known that during CO hydrogenation a side reaction of WGS can pro-
duce  CO2 as well that  CO2 can be obtained by CO reaction with adsorbed O spe-
cies. Carbonate species are adsorption forms of carbon dioxide. Thus, the observed 
tendency was suggestive about a reaction mechanism regarding  CO2 release in gas 
phase by decomposition of bidentate carbonates on the carrier surface as regis-
tered during  the experiment. In the case of (red) type of catalyst, examination of 
the IR band changes showed that monodentate carbonate species was predominantly 
formed.

Spectra of (10%Co + 0.5%Pd)/TiO2(ox) catalyst showed formation of monoden-
tate  carbonate and formate species as illustrated by the bands at 1307/56, 1441, 
1526/47  cm−1 and at 1356/94, 1441, 1526/47  cm−1, respectively [71]. These bands 
increased in intensity during the experiment. It is known that CO–Coδ+ species is 
low active or inactive in CO dissociation and hydrogenation [73–75]. The observed 
increase in intensity of the 2040  cm−1 band could be due to participation of the  Coδ+ 
intermediate species in  CO2 formation. An intensity increase of the bands of car-
bonate-(like) species could proceed because  Coδ+ sites working as a reaction site 
forms  CO2 through reaction of CO–Coδ+ with adjacent adsorbed O species, but as 
an adsorption site, it was relatively strong and made difficult the transfer of carbon-
ate intermediates to the carrier [76].

Fig. 6  DRIFT spectra of 
(10%Co + 0.5%Pd)/TiO2(inert) 
catalyst recorded at room 
temperature before and after 
catalytic test carried out up to 
and at 250 °C
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A spectrum of (10%Co + 0.5%Pd)/TiO2(inert) catalyst recorded at room tempera-
ture after catalytic test (Fig. 6) manifested a slightly increased intensity of the bands 
at 2166 and 2187   cm−1. This result gives information about employed titania sup-
port, namely about its  heterogeneity. These bands were due to CO adsorption on 
Lewis adsorption sites of different strength and structure [39, 40, 77]. The band at 
2166   cm−1 is characteristic of CO adsorption on five-coordinated  Ti4+ ion bonded 
with two-coordinated  O2− ions while that at 2187   cm−1 is characteristic of 
CO adsorption on five-coordinated  Ti4+ ion bonded to triply coordinated  O2− ions. 
This result  conforms with changes of the titania support during reaction, namely, 
increase in surface heterogeneity.

CO conversion changed with reaction time. Integral intensity changes in time for 
the high-frequency wing of the gaseous CO band around 2177   cm−1 were used to 
calculate conversion. Catalytic activity was evaluated from intensity changes of the 
band characteristic of  CH4 product at 3015/16   cm−1. Used method for calculation 
produces data characterized by high approximation but in the same time the data 
obtained show a trend of pretreatment influence on both calculated parameters. Two 
presumptions are accepted about same optical path in the sample and operation of 
surface catalyst layer only. The optical path length is connected with catalyst color, 
which is connected to cobalt reducibility. The samples used in the present experiment 
were already formed catalysts that have been consecutively reduced at 300, 400 and 
450 °C and worked in CO hydrogenation. This allows to be accepted a close extent 
of metal reduction, same sample color (black), and close particle dispersion, i.e. close 
values of the optical pathway. The construction of cell for in situ studies is shown in 
Fig. 1. It determines such a gas flow motion that the gas is exclusively and first of all 
in contact with sample surface. Probably some part of the gas flow penetrates into the 
catalyst bed but its quota in the signal could be ignored since the catalyst bed depth 
is little around 2 mm compared with the surface of ~ 20  mm2, which produces bigger 
part of the registered signal. Thus during the tests mainly the activity of the cata-
lyst surface layer is registered. So, preliminary precursor treatment had a small effect 
on CO conversion, which slightly changed with time (Figs. 7 and S4). However, the 
amount of produced methane in outlet gas flow depended on pretreatment (Figs. 7 
and S4) and decreased with reaction progress. A decrease by about 30% with (red) 
and (ox) catalyst samples was found, which reached 42% with (inert) sample.

Adsorption behavior of studied materials toward reagents  H2 and CO

In previous studies, it was established that cobalt–palladium catalyst activity 
depended on reduction temperature in line with changes in hydrogen adsorption 
[14]. In this connection comparison between the catalytic properties and hydrogen 
adsorption capacity after reduction at 450 °C was done. Calculations showed a  amono 
value of 3.3 mmol/g-atMe for (red) and (inert) samples and 6 mmol/g-atMe for (ox)-
sample. Inverse activity dependencies were found taking into account precursor-
preprocessing environment. To clear up the reasons determining catalyst behavior 
further studies were carried out including TPD of hydrogen adsorbed at 100  °C, 
TPD of CO adsorbed at 200 °C, fitting of CO and hydrogen adsorption isotherms to 
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the Freundlich and Langmuir models, and careful analysis of the recorded infrared 
spectra.

In TPD experiments adsorption of CO was performed at 200 °C. This temperature 
was chosen based on the catalytic tests carried out at increasing reaction temperature 
[13] with a view to be registered most of the adsorption forms existing on the sur-
face of the catalysts and to be the closest one to the reaction temperature used in 
the time on stream examinations. TPD profiles of (10%Co + 0.5%Pd)/TiO2 samples 
were characterized by specific behavior depending on pretreatment type (Fig. 8). In 
the case of (10%Co + 0.5%Pd)/TiO2(red) catalyst, the main part of hydrogen was 
desorbed at low temperatures accompanied by a very low amount between 130 and 
290  °C (Fig. 8,  a, (red)). The amount of the low-temperature CO species demon-
strated by the wide peak at 75 °C was larger than that of the high-temperature peaks 
in the interval of 200–250 °C (Fig. 8, b, (red)). High-temperature desorption species 
were a significant part of the adsorbed CO. In previous investigations these cata-
lysts as well other Co–Pd samples with alumina and silica supports were tested in 
reaction of CO hydrogenation in conditions of increasing reaction temperature and 
the processes on the surface were monitored and registered in situ by DRIFTS [9, 
13, 15]. Based on these in situ DRIFTS findings both the low-temperature species 
correspond to linear and bridged CO species whereas the high-temperature entities 
originated from decomposition of carbonate-(like) intermediates. It should be noted 
that in time on stream experiment the linearly bonded CO species was predominant.

TPD-H2 profile with (10%Co + 0.5%Pd)/TiO2(ox) catalyst revealed availability of 
three types of adsorption and desorption species. Two high-temperature desorption 

Fig. 7  CO conversion and  CH4 formation with time on stream during CO hydrogenation stability test 
over titania-supported cobalt–palladium catalyst prepared by treatment of precursor in Ar/N2
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peaks with  Tmax  at 300 and 400  °C dominated in the profile by 76% of the total 
amount of desorbed species. Desorption at 75 °C was related to low-energy adsorp-
tion sites of 23% (Fig. 8, a, (ox)). CO desorption took place within 2 ranges—below 
and above 200  °C—of approximately equal  quantity. A narrow TPD-CO peak at 
65 °C with well-pronounced shoulder around 100 °C testified desorption of almost 
only linearly adsorbed molecules (Fig. 8, b, (ox)). A single desorption peak at  Tmax 
of 275–300  °C was registered in the high-temperature range (T > 200  °C), which 
was due most probably to decomposition of carbonate-like intermediates.

During hydrogen desorption a (10%Co + 0.5%Pd)/TiO2(inert) sample showed a 
peak of high intensity up to 200/250 °C with  Tmax around 100 °C and a shoulder 
at 165 °C. Weak process around 400 °C was also observed (Fig. 8, a, (inert)). The 
TPD-CO profile clearly manifested a much higher desorption capacity in the high-
temperature region than at lower  temperatures (Fig.  8,  b, (inert)). The desorption 
process of CO occurred with maximum intensity at around 280 °C with a shoulder 
at around 220 °C. Desorption registered at 65 °C was assigned to linearly adsorbed 
CO species. Results showed that CO adsorption at 200 °C proceeded under condi-
tions, which were optimal to form carbonate species on the surface.

Freundlich isotherm exponent 1/n derived on the basis of hydrogen chemisorp-
tion had similar values for (ox) and (inert) samples  (Table 2) and a highest value 
for (10%Co + 0.5%Pd)/TiO2(red) catalyst. Thus, the exponent  1/n distinguished 
the (red) catalyst as having the highest extent of surface homogeneity  amongst 
the three types of samples. TPD-H2 data showed definitely the presence of both 
low-temperature and high-temperature species of adsorbed hydrogen. Again, 
the  (10%Co + 0.5%Pd)/TiO2(red) catalyst was an exception characterized by com-
plete desorption bellow 250 °C. A general conclusion could be made about the high-
temperature desorption that the process was intense around 300 °C from (ox) sample 
and at  Tmax ≥ 380 °C with both (ox) and (inert) samples (Fig. 8, a). Thus, it could be 

Fig. 8  TPD of  H2 adsorbed at 100 °C (a) and of CO adsorbed at 200 °C (b) on (10%Co + 0.5%Pd)/TiO2 
catalysts prepared by treatment of precursor in Ar/N2 (inert), air (ox) and  H2 (red)
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affirmed that heterogeneity was not only similar relative to 1/n values but also it was 
of the same kind as based on adsorption site type.

The trend about the pretreatment influence on the exponent 1/n values for hydro-
gen adsorption was valid also for CO adsorption. According to data listed in Table 2 
the (red) sample was the most homogeneous in relation to CO adsorption. The other 
two samples had 1/n parameters of almost the same value determining similarity in 
this their property. Two regions, low- and high-temperature, were well distinguished 
in TPD-CO patterns of (inert) and (ox) samples (Fig. 8, b). Parallel analysis of het-
erogeneity in relation to both reagents found that the exponent values showed rela-
tively higher homogeneity of (red) sample surface for CO adsorption in comparison 
to that toward hydrogen. In case of the other two catalysts ((inert) and (ox) type) was 
observed the opposite behavior, i.e. homogeneity related to hydrogen chemisorption 
was higher than that toward CO.

Langmuir constant КLH2 values about hydrogen as adsorbate were calculated 
based on experimental data fitting to  Langmuir model of adsorption (Table  2). 
Considering pretreatment type comparison between  КL values and the amount of 
CO hydrogenation product, namely methane, showed a concurrence in КL changes, 
ΔHads change being opposite, and  CH4 amount (Figs. 5 and S3). Sample КLH2 val-
ues were of the same order and one more time the (red)-type samples were  char-
acterized amongst all by higher enthalpy of adsorption (Table  2). This indicated 
that  Eads  (ΔHads =  Eads −  Edes) was relatively high, which determined more diffi-
cult adsorption and, therefore, adsorbate amount was small. As a whole, a smaller 
adsorbate amount and lower  Edes values resulted in an easy desorption from (red)-
type samples. Desorption from the other two types of samples was somewhat more 
difficult as it was evident from the TPD study at higher temperatures.

Regarding CO adsorption the observations about Langmuir constant for 
hydrogen chemisorption was in force as a whole but the valid inequality is 
(inert) > (ox) > > (red). КLCO value was quite lower in case of (red) type of 
catalyst (Table  2). Comparison of КL values for the two reagents showed that 
КLCO < КLH2 relation was valid in case of (red/ox) samples. However, the ine-
quality had opposite sign (reverse order) in case of (inert) sample КLCO > КLH2, 
respectively  ΔHadsCO < ΔHadsH2 and  (Eads  −   Edes)CO <  (Eads  −   Edes)H2. This was 
indicative about lower activation energy of CO adsorption and higher activation 
energy of CO desorption, which supposed large amount of adsorbate on the surface. 

Table 2  Calculated data about hydrogen chemisorption at 100 °C and irreversible CO chemisorption at 
room temperature on (10%Co + 0.5%Pd)/TiO2 catalysts reduced at 450 °C: 1/n—exponent in Freundlich 
model;  KL—Langmuir constant  (Torr−1);  R2—coefficient of determination

Gas Parameter Pretreatment

(inert) (ox) (red)

H2 1/n  (R2) 0.1913 (0.9889) 0.1718 (0.9516) 0.2500 (0.9984)
KL  (R2) 0.1296 (0.9924) 0.1270 (0.9819) 0.1019 (0.9906)

CO 1/n  (R2) 0.1098 (0.9809) 0.1177 (0.9805) 0.4253 (0.6985)
KL  (R2) 0.2235 (0.9959) 0.1881 (0.9955) 0.0668 (0.9955)
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Conversely adsorption of hydrogen was characterized by increased activation energy 
and decreased activation energy of desorption that surmised smaller amount of 
adsorbate on the surface. The (inert)-type of catalyst had high initial activity in 
CO hydrogenation. It seems in such a case of easy hydrogenation the amounts of 
hydrogen available on the surface were not enough hydrogenation to be completed. 
Thus products of incomplete hydrogenation of  CHx intermediates contributed to the 
decrease in sample activity.

It is worth noticing the very good coincidence of conclusions based on adsorp-
tion  isotherm calculations and desorption experiments in relation to hydrogen 
adsorption and available sites as illustrated by TPD-H2 data and isotherm parame-
ters. First, the (red)-sample surface exposed active sites of highest homogeneity and, 
second, the surface of (ox) and (inert) samples revealed a higher site heterogeneity. 
Despite CO chemisorption was carried out at room temperature the found trends 
were useful in clearing up some details.

Heterogeneity of sites and relation toward adsorption and/or reaction activity

The behavior of the infrared bands at 2027–2040  cm−1 assigned to atop adsorption 
of carbon monoxide and the TPD-CO peaks below 100 °C in the low-temperature 
region were compared. On attaining reaction equilibrium in the course of IR meas-
urements, the band  intensities decreased in the order (inert) > (red) > (ox) (Figs.  7 
and S4). Bearing in mind intensity  the peaks with  Tmax of desorption at 63/66 °C 
arranged in the order (red) < (inert) < (ox).  Thus, a conclusion was derived that 
adsorption sites on (ox) type of catalyst for the formation of atop CO species were 
of relatively high strength whereas (inert) sample surface exposed  weak sites for 
the same species. In view of the high intensity bands for methane, during reaction 
the adsorption sites have converted into very active reaction centers. The decrease 
in intensity of the  CH4 band and the registered  CO2 bands allowed supposition that a 
certain part of the CO hydrogenation reaction sites might have exhibited some activ-
ity for water–gas shift reaction. It is known that contact time is a crucial factor for 
determining the formation of  CO2 and hydrocarbons as the latter needs longer resi-
dence time on the catalyst surface [78].

Analysis of TPD-CO data, especially TCD signal intensity around 250 °C, and 
in  situ  DRIFTS records below 1600   cm−1 during catalytic stability examinations 
showed adsorption sites of medium and high strength as well as highly or moder-
ately stable intermediates on (10%Co + 0.5%Pd)/TiO2(red) samples. In this connec-
tion (10%Co + 0.5%Pd)/TiO2(ox) samples exposed adsorption sites of high strength 
and highly stable carbonate-like species was  detected. However, adsorption sites 
of variable strength and intermediates of various stability  on (10%Co + 0.5%Pd)/
TiO2(inert) samples were found but sites of medium to high strength and highly and 
moderately stable intermediates were predominant.

For all samples, observed changes in the infrared region below 1600   cm−1 
and desorption intensity around 250 °C in the TPD profiles suggested that on the 
surface of the  (10%Co + 0.5%Pd)/TiO2 catalytic system a significant amount of 
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weakly bonded carbonate species was formed at 250 °C. Most probably, bidentate 
species was present that easily decomposed to form carbon dioxide [41].

Experimental data obtained with (inert) samples allowed further conclusions con-
cerned with adsorption and reaction site heterogeneity. Taking into account pre-
sumption that hydrogen and CO adsorb on the same sites of reduced metal atoms the 
obtained data generally showed that active sites were of relatively weak to medium 
strength in relation to hydrogen adsorption but in terms of CO adsorption most sites 
were relatively strong. It was mentioned above that sites of medium to high strength 
and moderately and highly stable species were predominant. Due to sample behavior 
during in situ activity studies, availability of bidentate carbonates could be associ-
ated with medium-strength reaction sites. Monodentate carbonates and formate spe-
cies were assigned to availability of strong sites on the surface. Hence, weak sites 
in relation to CO adsorption most probably played a role of active sites in the reac-
tion of hydrogenation as stated above. Infrared spectra proved easy hydrogenation 
by high intensity bands at 2854, 2926, and 2958  cm−1 characteristic of  CHx groups. 
In view of  the results about methane formation, namely a decrease with time on 
stream by 42%, it could be concluded that the reaction sites for CO hydrogenation 
were of high strength in terms of adsorption of  CHx species.

Conclusions

Results of  H2 chemisorption on (10%Co + 0.5%Pd)/TiO2 catalysts reduced succes-
sively at 300 and 400 °C for 1 h and at 450 °C for 2 h showed that the metal parti-
cles’ surface heterogeneity was similar and of the same type, i.e. the same type of 
sites of similar strength for adsorbate bonding were exposed independently of the 
preliminary treatment procedure in oxidative, reduction or inert gas media applied to 
catalyst precursor prepared by impregnation.

Regarding CO chemisorption, adsorption site strength and stability of the inter-
mediates depended on the preliminary treatment of the catalyst precursor. Gener-
ally, sites of medium and high strength and stability were predominant in all sam-
ples.  The highest diversity in site strength and  stability of intermediates on the 
surface demonstrated (10%Co + 0.5%Pd)/TiO2(inert) catalyst.

Use of in situ FTIRS and carbon monoxide as probe molecule due to its sensitiv-
ity in  adsorption on various sites allowed registration of site heterogeneity on the 
surface of titania support, too. In addition, a more precise analysis of chemisorption, 
TPD, and infrared data could help in differentiation of adsorption sites by strength 
and structure so as activity of reaction sites.

Analysis of in situ IRS data from (10%Co + 0.5%Pd)/TiO2(inert) catalyst behavior 
in CO hydrogenation allowed more detailed description of adsorption and reaction 
site dynamics. The weak sites in relation to CO adsorption most probably played a 
role of active sites in the reaction of CO hydrogenation but were of high strength in 
terms of adsorption sites of  CHx species.

SMSI existed in all catalysts but it appeared to a highest extent in catalyst 
obtained from precursor treated in oxidative media due to formed higher metal par-
ticle dispersion.
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