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Abstract
Three samples of NiAl layered double hydroxides with takovite-like structure were 
prepared by a co-precipitation method at Ni2+/Al3+ molar ratios of 1.5, 2.5 and 
4.0. The samples were investigated as catalysts for hydrogen production by means 
of water–gas shift reaction (WGSR). The properties and catalytic behavior of the 
unmodified as-synthesized materials are compared with those of the same materials 
used as a support on which gold particles have been deposited. All samples were 
characterized by N2 physisorption, Powder X-ray diffraction (PXRD), and X-ray 
photoelectron spectroscopy (XPS) techniques. Catalytic activity of all materials was 
studied towards conversion of CO at atmospheric pressure within the temperature 
interval 140–300 °C. The dependence of WGS activity on the Ni2+/Al3+ molar ratio 
and the presence of gold were investigated. The promotional role of Au on the WGS 
performance was clearly demonstrated by Au–NiAl2.5 catalyst, which reached equi-
librium conversion value of 97.6% at 240 °C. The stability test of the most active 
Au–NiAl2.5 catalyst resulted in the same CO conversion degree within 32 h under 
stream at 260  °C. A plausible scheme for the reaction mechanism, including the 
redox Ni2+ ↔ Ni3+ transition on the catalyst surface as well as adsorption and acti-
vation of the CO molecule on the Au particles, is proposed.
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Introduction

The conversion of CO by water vapor, named water–gas shift reaction (CO + H2O ↔ 
CO2 + H2) is one of the economic routes traditionally applied for the reduction of 
CO in the synthesis gas and production of pure hydrogen. Hydrogen purification is 
a key point aiming to prevent the CO catalyst poisoning effect especially in the fuel 
cell anode technology as well as in the selective hydrogenation processes [1, 2].

Industrially, WGSR is carried out in two stages with two different oxide cata-
lysts with interstage cooling. The first stage of WGSR takes place in the interval 
350–450 °C over Fe2O3–Cr2O3 oxide catalyst resulting in CO residual of about 2–5% 
and is named high-temperature (HT) shift. The second one is so-called low-temper-
ature (LT) shift because operates between 180 and 250 °C decreasing the CO con-
centration below 1% over Cu–ZnO–Al2O3 catalyst. The equilibrium CO conversion 
diminishes with the increase of reaction temperature due to the exothermic charac-
ter of the reaction (∆H300°C = − 41.2 kJ/mol). Consequently, high temperature is not 
advantageous for attaining high degree of CO conversion and hydrogen production 
[3]. However, Cu-containing catalysts are very sensitive to thermal sintering. In this 
regard, attempts have been made of researchers to develop modified Fe- and Cu-
based catalysts with improved catalytic behavior as well as more effective, thermally 
stable, non-pyrophoric and low-priced new ones for both temperature stages [4]. On 
the other hand, an important task for research community is to create catalysts active 
enough to carry out the process at intermediate temperatures.

Considering both the price and the necessity to advance new catalyst composi-
tions that operate at intermediate temperatures, particular attention was focused on 
Ni-based catalysts. In our previous work [5], the development of nickel hydroxide 
supported on activated charcoal as WGS catalyst was reported for the first time. The 
catalyst exhibited higher activity in comparison with Cu-containing catalyst under 
the same reaction conditions. Further, it was established that co-precipitated NiAl 
layered double hydroxides (LDH), alone or promoted either by magnesium [6] or 
potassium [7] were active catalysts for medium-temperature WGSR.

Nevertheless, the variety of the catalytic systems described as active in the WGS 
reaction, Au-containing catalysts appeared to be the most promising systems to sub-
stitute the traditional catalysts for small-scale applications. In recent years, gold-
based catalysts have received extended attention since they show very high activ-
ity at low temperatures and potential stability in oxidizing atmospheres [8, 9]. As it 
has been published, supported Au on different oxide carriers as Fe2O3, ZrO2, TiO2, 
CeO2, doped-CeO2, etc. displayed very high WGS activity at low temperatures 
[10–16].

NiAl LDHs, also referred to as takovite-like (TKl) compounds, according to 
the name of mineral takovite, Ni6Al2(OH)16CO3·4H2O [17] are lamellar nano-
structured materials which belong to a large group of natural or synthetic inor-
ganic layered compounds. The structure consists of consequent positively charged 
brucite-like NiAl hydroxide sheets 
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of the Al3+ ion. The role of co-intercalated water molecules is to prevent the 
repulsion of interlayer anions. The lamellar structure supposes uniform distribu-
tion of the octahedrally coordinated Ni2+ and Al3+ cations in the hydroxide layer 
[17, 18]. Despite the statement that formation of single-phase stable LDH struc-
ture is realized only for a narrow range of Ni2+/M3+ molar ratio between 2 and 3 
[18], it was reported existence of LDH structure in wider interval, Ni2+/M3+ 
molar ratio = 1.5–4 [19].

It should be noted that upon controlled thermal treatment of NiAl LDHs, the lay-
ered structure destroys with formation of NiAl mixed metal oxides. The decompo-
sition products are characterized with high surface area, good distribution of both 
ions, nanometrical crystal size, high metal dispersion after reduction and stability 
against sintering [18]. The well-known property of Ni and Al ions to stay associated 
with one another through the calcination and reduction of the TKl compounds is a 
reason for their systematic study as catalyst precursors and nowadays [18, 20–22].

The aim of this paper is to present new data related to the investigation of the 
NiAl LDHs with different Ni2+/Al3+ molar ratios as catalyst precursors for WGSR. 
An extension of our piece of research is to apply NiAl LDHs as supports of gold 
catalysts in order to improve the NiAl activity thus to obtain promising catalyst for 
WGSR. On the base of the mentioned considerations, the role of Ni loading (Ni2+/
Al3+ molar ratio) and the presence of gold on the WGS performance was examined.

Experimental

Sample preparation

Co‑precipitation of NiAl samples

All the reagents are of ‘pro analyze’ purity grade and procured by Alfa Aesar, USA.
NiAl TKl samples were synthesized with Ni2+/Al3+ molar ratio of 1.5, 2.5 and 

4.0 by co-precipitation employing Ni(NO3)2·6H2O, Al(NO3)3·9H2O, and Na2CO3 
as precipitant.

An appropriate volume of distilled water was placed in a five-necked glass reactor 
equipped with a steam jacket, stirrer, pH electrode, thermocouple and reflux con-
denser, heated to 80 °C and adjusted with 0.9 M Na2CO3 solution to reach pH 8.0. 
The mixed NiAl solution (total metal concentration 0.5 M) and the precipitant were 
introduced drop-wise simultaneously to the reactor controlled by two peristaltic 
pumps (solutions feed flow rate of 1 L/h) under stirring at 300 rpm. The resulting 
slurry was aged for 60 min in the mother liquor under the above mentioned stirring 
rate, pH and temperature. It was then filtered off, thoroughly washed with hot dis-
tilled water until the pH of the filtrate decreased to ≈ 6–7 and absence of NO3

− ions 
(testing with solution of diphenylamine in H2SO4). The precipitate was then dried 
at 80 °C for 20 h and named as-synthesized samples, designated as NiAlz, where z 
represents the Ni2+/Al3+ molar ratio, for example NiAl2.5 (Table 1).
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Deposition of gold

Gold-containing samples were prepared by deposition–precipitation of gold on the 
selected NiAl LDH samples. NiAl material was suspended in distilled water by 
means of ultrasound, thereafter, the deposition of Au was performed by simultane-
ous addition of two aqueous solutions, precisely 0.06  M HAuCl4·3H2O as a gold 
precursor and 0.2 M Na2CO3 as a precipitation agent. The interaction was accom-
plished at 60 °C and pH 7.0 under stirring at 250 rpm and reactant feed flow rate of 
0.15 L/h. The amount of gold (3 wt%) was chosen on the basis of previous investiga-
tion about the effect of gold content on the WGS activity [23]. After aging at 60 °C 
for 60 min, the material was filtered and carefully washed until removal of Cl− ions. 
Au-containing solids were dried under vacuum at 80 °C and designated as y-NiAlz, 
where y denotes Au, for example Au–NiAl2.5.

Sample characterization

The chemical composition of the as-synthesized NiAl materials was determined 
by inductively coupled plasma atomic emission spectroscopy (ICP-AES) by JY 
(Jobin–Yvon) 38 spectrometer.

The phase composition of the as-synthesized and post WGSR samples (spent 
catalysts) were established by powder X-ray diffraction (PXRD) technique. The 
data were collected on a Bruker D8 Advance powder diffractometer employing Cu 
Kα radiation (U = 40 kV and I = 40 mA) and LynxEye detector. The measurements 
range was 10°–100° 2θ with step of 0.04° 2θ. The crystalline phases were identified 
by means of International Centre for Diffraction Data (ICDD) powder diffraction 
files. The unit cell parameters and mean size of the coherently scattering domains 
(LVol-IB) were obtained through the analysis of line positions and profile broaden-
ing by using the fundamental parameters peak shape description including appropri-
ate corrections for the instrumental broadening and diffractometer geometry with 
the program TOPAS V4.2.

The texture characteristics were performed by low-temperature (− 196  °C) 
nitrogen adsorption using Quantachrome Instruments NOVA 1200e (USA) appa-
ratus. Prior to the measurements, the samples were outgassed for 17 h at 110 °C 
under vacuum. The nitrogen adsorption–desorption isotherms were inspected to 

Table 1   The sample notation 
and the chemical composition of 
the as-synthesized samples

Sample Ni2+/Al3+ molar 
ratio

Chemical composition (wt%)

NiO Al2O3 Au

NiAl1.5 1.48 68.4 31.6 –
NiAl2.5 2.49 78.5 21.5 –
NiAl4.0 4.02 85.5 14.5 –
Au–NiAl2.5 2.50 76.7 20.9 2.4
Au–NiAl4.0 4.00 83.3 14.2 2.5
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estimate the specific surface area (SBET), definite on the basis of the Brunauer, 
Emmett, Teller (BET) equation from the linear part of the isotherms. Total pore 
volume (Vt) and average pore diameter (dav) were determined in accordance with 
the Gurvich rule at a relative pressure p/p0 of 0.99. The pore size distribution 
(PSD) was specified from the desorption branch of the isotherms using Bar-
rett–Joyner–Halenda (BJH) method.

X-ray photoelectron spectroscopy (XPS) measurements were accomplished 
on an AXIS Supra electron spectrometer (Kratos Analyical Ltd.) with base vac-
uum in the analysis chamber in the order of 10−8 Pa. The samples were irradi-
ated with Mg Kα photons with energy of 1486.6 eV. The photo emitted electrons 
were separated, according to their kinetic energy, by an 180°-hemispherical ana-
lyzer with a total instrumental resolution of ~ 1.0 eV (as measured by the FWHM 
of Ag 3d5/2 line) at pass energy of 20  eV. Due to charging effect a resolution 
of ~ 1.3 eV has been measured on the isolated samples. Energy calibration was 
performed by normalizing the C 1s line of adventitious adsorbed hydrocarbons 
to 285.0  eV. The diameter of the analysis area was 750  μ. The concentrations 
(in at.%) of the observed chemical elements were calculated by normalizing the 
areas of their most intense photoelectron peaks to their relative sensitivity fac-
tors using the commercial software of the spectrometer.

WGS activity tests were carried out in a fixed-bed flow reactor at atmos-
pheric pressure. For each measurement, 0.5  cm3 catalyst bed volume with 
0.63–0.80 mm grain size were loaded into a reactor. The WGS activity measure-
ments were accomplished by means of reactant gaseous mixture of 3.76  vol% 
CO, 25.01 vol% H2O and 71.23 vol% Ar in the temperature range 120–300 °C 
by step-wise increase of the reaction temperature and gas hour space velocity 
(GHSV) of 4000 h−1. The WGS activity was expressed by the degree of CO con-
version after achievement of a stationary CO conversion (at every 20  °C step) 
at the reactor outlet. The amount of residual CO was measured using URAS-3G 
gas analyzer (Hartmann&Braun AG). The degree of CO conversion was calcu-
lated on the basis of inlet and outlet CO concentrations. Additionally, analysis 
of the outlet gaseous mixture was performed by a HP5890 series II gas chro-
matograph equipped with a thermal conductivity detector and Carboxen-1000 
column.

Results and discussion

Chemical analysis

The chemical composition of the NiAl samples listed in Table 1 discloses that 
Ni2+/Al3+ molar ratio in the as-synthesized materials determinate by ICP is 
close to that in the mixed NiAl nitrate solution used for the sample preparation. 
The oxide form of the components is also shown for easily understanding. The 
estimated gold loading in Au-containing samples is also included in the Table 1.
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Catalytic activity

The CO conversion over all the studied catalysts as a function of the temperature 
during WGSR is represented in Fig. 1.

It is noticeable, that the temperature induces the activity rising for the NiAl cata-
lysts. A more significant difference in the WGS activity is observed in the inter-
val 220–260 °C where the effect of Ni loading (Ni2+/Al3+ molar ratio) is evident. 
Comparison of all catalysts activity discloses that NiAl2.5 catalyst shows 98.8% CO 
conversion at 260  °C, i.e. CO almost reaches the equilibrium conversion degree. 
The rest of catalysts demonstrate lower activity at the same reaction temperature, 
namely 92.6% CO conversion are achieved over NiAl4.0 and 36.1% over NiAl1.5. 
Based on these results, the deposition of Au was carried out on both active NiAl2.5 
and NiAl4.0 catalysts. It is visible that the presence of Au markedly improves the 
conversion of CO therefore gold catalysts exhibit higher activity than their NiAl 
analogues. The promoting effect of Au is clearly presented by Au–NiAl2.5 catalyst 
which displays CO conversion of 97.6% at 240 °C. Unlike it, Au–NiAl4.0 catalyst 
shows approximately 11% lower activity at the same reaction temperature, i.e. 87.1% 
conversion of CO. Further increase of the reaction temperature to 260 °C leads to 
the 100% CO conversion over Au–NiAl2.5 catalyst and 98.6% over Au–NiAl4.0 
one.

The reaction rate (r) at 180 °C was calculated for better representation of the dif-
ferences in the WGS performance of the gold-containing catalysts. The obtained 
data indicate higher reaction rate (molCOconv gAu

−1 s−1 × 10−5) for Au–NiAl2.5 catalyst 
(1.63) as opposed to Au–NiAl2.5 (1.49), thus confirming the higher WGS activity of 
Au-doped NiAl2.5 catalyst at lower reaction temperatures.

It should be underlined, that we use the concept of reaction rate for more detailed 
activity presentation of Au-containing catalysts instead of turnover frequency 
(TOF). The reason is that the TOF concept is the subject of debate in the catalytic 
community at present. As it has been reported in some articles and comments, the 
use of TOF is unjustified, the reaction rate can be used with a lot less contradiction 
instead [24–26].

Fig. 1   The temperature depend-
ence of CO conversion during 
WGSR over studied catalysts
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It is well known that nickel catalysts are very active in the hydrogenation of CO 
and CO2 to methane (methanation reaction). The advanced conversion of CO causes 
some doubt that this activity may include partial hydrogenation of CO by hydro-
gen to methane as a reaction product of WGSR. For this purpose, the outlet gase-
ous mixtures of the non-promoted and Au-promoted catalysts with the highest Ni 
concentration (NiAl4.0) were analyzed. The chromatographic analysis showed that 
the methane content was 0.46 wt% for NiAl4.0 and 0.48 wt% for Au–NiAl4.0. The 
results confirm that only the WGS reaction takes place over the studied catalysts in 
the investigated temperature range.

Powder X‑ray diffraction

PXRD patterns of the as-synthesized NiAl samples (Fig. 2a) consist of reflections 
located at the angles typical of the stoichiometric takovite-type structure (ICDD-
PDF file 00-015-0087). The patterns contain three sets of reflections namely sharp 
and symmetrical peaks which correspond to basal reflections (003) and (006), sharp 

Fig. 2   PXRD patterns of the 
studied samples: as-prepared (a) 
and spent (b). The diffraction 
lines of gold phase are marked 
by asterisks and italic type
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(110) and (113) reflections as well as broad and asymmetric (012), (015), and (018). 
It should be noted that the increase of Ni2+/Al3+ molar ratio prompts slight shifting 
of all diffraction peaks towards lower values of 2θ angles, due to the lattice expan-
sion [27]. The comparison indicates that NiAl samples display diffraction lines with 
different crystallinity. Since the well resolved doublet of the reflections (110) and 
(113) is associated with high degree of sample crystallinity [18] as well as with good 
ordering of the cations in the layers [28] it was found that NiAl2.5 sample is the best 
among the studied ones. In contrast, a gradual decrease of the peak intensities and 
broadening of the diffraction lines are observed when Ni2+/Al3+ molar ratio differs 
from 2.5. This finding may be related to the existence of amorphous phases contain-
ing Ni2+-entities in NiAl4.0 sample, or Al3+-species in NiAl1.5, associated with the 
TKl structure [29]. Thus, PXRD study reveals the formation of a well-crystallized 
single TKl phase only in NiAl2.5 suggesting a high homogeneity of the sample.

The peaks in the diffraction patterns of as-prepared NiAl samples were indexed in 
a hexagonal cell with rhombohedral crystal symmetry of takovite containing carbon-
ate ions in the interlayer space. The unit cell parameters and the crystallite size of 
the samples were calculated and presented in Table 2.

As it may be seen, the increase of Ni2+/Al3+ molar ratio induces increase of the 
unit cell parameters aTK, cTK and VTK, that is typical feature for the LDH materials 
[18]. The value of aTK parameter corresponds to the distance between cations within 
the brucite-type layers and therefore it is very sensitive to the ionic radii of the cati-
ons [30]. The increase in the aTK parameter is correlated with the higher octahedral 
ionic radius of Ni2+ (0.069 nm) with respect to Al3+ (0.050 nm) one [31], whereas 
the increase in cTK parameter and volume -VTK is related to the substitution of Al3+ 
by Ni2+ ions (Ni2+/Al3+ molar ratio) and may be interpreted on the basis of electro-
static interaction. With increase of Ni2+/Al3+ molar ratio, the extent of interaction 
between the hydroxide layer and interlayer diminishes with effective increase in the 
interlayer gallery [30]. The decrease of parameter aTK for NiAl4.0 suggests co-exist-
ence of NiAl LDH phase and another one rich in Ni2+ ions, and very likely XRD 
amorphous. The presence of last phase is responsible for the partially amorphization 
of the TKl structure. The different sample crystallinity is evidenced by estimating 
the mean crystallite sizes (LTK) of the TKl phase. The better crystallized NiAl2.5 
solid possesses crystallites of larger size while the poorly crystallized NiAl1.5 
shows smaller size.

As it was mentioned above, to understand the influence of gold on the activity 
in WGSR, the more active NiAl catalysts (NiAl2.5 and NiAl4.0) were used as car-
riers for obtaining of gold catalysts. Notably, the deposition of Au on both samples 
prompts appearance of additional reflections at 2θ = 38.2°, 44.4°, 64.6° and 77.5° 
which are attributable to (111), (200), (220) and (311) lines, characteristic of face 
centered-cubic metal Au phase (ICDD-PDF file 00-004-0784), better formed in 
Au–NiAl4.0 (Fig. 2b). In the figure, the diffraction lines of gold phase are marked 
by asterisks and italic type. The PXRD of Au-containing samples confirm that gold 
particles are deposited on NiAl LDHs successfully. Both samples exhibit the char-
acteristic diffraction lines of layered TKl material, indicating that addition of Au 
does not destroy the layered structure. The similarity of the lattice parameters and 
the mean crystallite sizes values of TKl phase in the samples with and without gold 
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confirms this statement. The metal Au lattice parameters and mean crystallite sizes 
show very close values in both Au-containing samples (Table 2).

PXRD analyses of all tested in WGSR catalysts (Fig.  2b) display reflections 
indexed as (111), (200), (220), (311) and (222) of cubic NiO phase (JCPDS file 
00-047-1049), which are better pronounced in NiAl2.5-s. Inspection of the PXRD 
patterns indicates poorly crystalline state presumably related to the formation of very 
small crystals for the main NiO phase. The data presented in Table 2 reveals nano-
scaled NiO phase with mean crystallite size 3–4 nm for NiAl catalysts and smaller 
for Au-doped NiAl ones (3.0 nm). The data specify a higher dispersion of the active 
NiO phase in the presence of gold nanoparticles. In addition, the observed broaden-
ing of NiO diffraction lines is due to Al3+ ions incorporation into the cubic frame-
work of NiO reducing its cell parameter dimensions, aNiO and VNiO, versus standard 
NiO because of the smaller radius of Al3+ species as compared to Ni2+ ones [32]. 
The increase of aNiO and VNiO parameters of Au-containing spent catalysts, espe-
cially in Au-NiAl2.5-s may be due to the effect of Au to provoke an increase of Ni3+ 
ions thus leading to an increased number of cationic vacancies (which have a larger 
radius) and consequently to a larger parameters or any mutual influences of the lat-
tices of the two phases associated with strains of the grains boundary (effect of the 
composite).

It can be noted that the alterations in the degree of sample crystallinity in as-pre-
pared layered systems are preserved with respect to the NiO structure in the tested 
catalysts, being better organized in NiAl2.5-s. Furthermore, the nano-scaled magni-
tudes of TKl phase in the as-synthesized samples (Table 2) generate also nano-met-
rical NiAl mixed oxides of the type Ni2+(Al3+)O [18]. The sharp diffraction peaks 
especially at 2θ = 38.2° reveal high crystallinity of the gold phase which is consist-
ent with the crystallite size values. The tendency to better formation of gold phase in 
NiAl4.0 material is retain in the case of spent Au–NiAl4.0-s catalyst.

No metallic nickel (that facilitates methanation reaction) was registered in the 
temperature range investigated, thus sustaining the statement from chromatographic 
analysis of the outlet gaseous mixtures that only WGS reaction takes place over the 
studied catalysts.

N2‑physisorption analysis

The change of texture parameters and pore size distribution (PSD) of NiAl2.5 sam-
ple after deposition of gold (Au–NiAl2.5) was investigated by N2-physisorption 
study before and after WGS reaction.

The N2 adsorption–desorption isotherms of NiAl2.5 and Au–NiAl2.5 samples 
are presented in Fig. 3a. The isotherm types and hysteresis loops were determined 
in accordance with Rouquerol et  al. [33] and Thommes et  al. [34]. The isotherm 
of NiAl2.5 sample may be classified as type II specific for nonporous or macropo-
rous solids. The observed hysteresis loop H3 type is usually found in materials con-
sisting of aggregates of plate-like particles having non-rigid slit-shaped pores and 
specifies the presence of mesopores and  is  consistent with the mesoporous nature 
of the LDH samples [18]. The character of the isotherm type is preserved after 
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deposition–precipitation of gold over NiAl2.5 sample (Fig.  3a). The rising of H3 
hysteresis loop at higher p/p0 indicates generation of new mesopores which explains 
the twofold increase of the texture parameters as SBET, Vt and dav of Au–NiAl2.5 
sample (Table 3). 

PSD profiles calculated by BJH method of the as-synthesized samples illustrate 
that Au-free sample exhibits bimodal type of distribution (Fig. 3b) in the range of 
1–30 nm with two maxima: intensive at 3.8 nm and wider at 6.5 nm. A change of 
PSD picture is observed after gold deposition on NiAl2.5 solid. The larger particles 
of Au phase with 15 nm in size (Table 2) is a reason for the blocking of smaller 

Fig. 3   The texture characteris-
tics of NiAl2.5 and Au–NiAl2.5 
samples: nitrogen adsorption–
desorption isotherms (a) and 
pore size distribution (b)

Table 3   Texture parameters 
of NiAl2.5 and Au–NiAl2.5 
samples

Sample SBET (m2/g) Vt (cm3/g) dav (nm)

NiAl2.5 30 0.14 18.3
Au–NiAl2.5 74 0.60 32.4
NiAl2.5-s 129 0.33 10.1
Au–NiAl2.5-s 123 0.32 10.3
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mesopores of NiAl2.5 sample with diameter between 2.0 and 8.0  nm. The new 
mesopores with larger diameters in the range 8–100 nm are registered as a result 
of Au particle deposition on the TKl surface. This observation is a precondition for 
creation of greater number sites for adsorption of CO molecules on the surface of 
Au–NiAl2.5 sample, which could be responsible for higher catalytic activity in the 
WGSR.

N2 physisorption study of both spent catalysts establishes identical isotherms with 
preserved type (Fig. 3a) due to phase transformation of the layered structure to NiO 
phase under the impact of the reaction medium, as was disclosed by PXRD study. 
The structural changes lead to close values of texture parameters for both tested cat-
alysts. One additional reason for increase of SBET is formation of micropores which 
can be seen by the registered intercept on the ordinate (Fig. 3a), which indicates the 
presence of micropores. PSD profiles of both spent catalysts have a similar shape 
characterizing poly-dispersed type of distribution (Fig. 3b).

XPS experiments

A possible understanding and explanation of the observed activity in WGSR 
and information about the surface oxidation state of catalytically active species 
may be found in the results obtained from the characterization of the most active 
Au–NiAl2.5 catalyst by XPS. Particular attention was paid to the oxidation state 
of nickel, which is a major component in the catalytic systems, thus Ni2p spectra 
(Fig. 4a) and O 1s core level (Fig. 4b) of Au–NiAl2.5 were carefully analyzed.

The existence of Ni2+ ions in as-synthesized Au–NiAl2.5 sample is recognized by 
the Ni2p spectrum, namely Ni2p3/2 peak at 855.9 eV and Ni2p1/2 peak at 873.7 eV 
as well as with two satellites at 861.6 and 879.7 eV (Fig. 4a). The binding energy 
(BE) value of the main Ni2p3/2 peak at 855.9 eV (Table 4) can be attributed to Ni2+ 
ions in Ni(OH)2 from brucite-like layers of TKl structure in accordance with the BE 
value for Ni2p3/2 photoelectrons in Ni(OH)2 (855.6–856.6 eV) [35]. The O 1s core 
level (Fig. 4b) represents a symmetrical peak at 531.3 eV which testifies to oxygen 
from the OH group in Ni(OH)2 [36, 37].

The spectrum of spent Au–NiAl2.5 catalyst in the Ni2p3/2 region shows peak at 
855.9 eV that is wider in comparison with that of the as-synthesized sample and it 
approves Ni2+ ions with oxygen surrounding (Fig. 4a).

The deconvolution of Ni2p level reveals existence of second peak at 857.7  eV 
that is ascribed to Ni3+ ions in surface oxygen species as Ni–OOH [35]. The pres-
ence of more Ni–O structures is confirmed from the shape of O 1s core level, which 
is broader and asymmetrical towards higher BE (Fig. 4b). The curve fitting of the 
peak displays two basic states of oxygen at 531.4 eV corresponding to oxygen from 
the OH group in Ni(OH)2 and another peak at 534.3 eV that can be interpreted as 
surface oxygen intermediates such as Ni–OOH containing Ni3+ ions [38]. The O 
surface concentrations (Table 4) support this finding.

The XPS measurements and data collected in Table 4 indicated that nickel pre-
sents as Ni2+ oxidation state in the same concentrations on the surface of fresh 
Au–NiAl2.5 and spent Au-NiAl2.5-s catalysts, values describing Ni2+ state in 
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Fig. 4   XPS spectra of Au–
NiAl2.5 and Au–NiAl2.5-s 
samples: Ni2p spectra (a) and 
O 1s core level (b)

Table 4   XPS data of the as-synthesized Au–NiAl2.5 and spent Au–NiAl2.5-s samples

Sample Binding energy (eV) Surface concentrations (at.%)

Ni2p3/2 Au4f7/2 Al2p O 1s Ni2+ Ni3+ Au Al O1 O2

Au–NiAl2.5 855.9 – 84.0 73.8 531.3 – 23.3 – 0.1 8.3 68.3 –
Au–NiAl2.5-s 855.9 857.7 84.0 74.4 531.4 534.3 23.7 5.4 0.1 12.4 33.2 25.2
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Ni–O species. In addition, Ni3+ oxidation state on the surface of the spent cata-
lyst discloses presence of Ni3+OOH hydroxide structures. The Al2p core level 
show peaks at about 74  eV that is ascribed to Al3+ species (Al–O) [27] signi-
fying higher concentration of Al–O structures on the surface of the spent cata-
lyst. The existence of metallic gold on the surface of fresh Au–NiAl2.5 and spent 
Au–NiAl2.5-s catalysts is proved by BE at about 84  eV for Au4f7/2 level [39]. 
Moreover, the concentration of metallic gold on the surface of spent Au–NiAl2.5-
s catalyst is preserved after the WGSR.

PXRD and XPS analyses were used to get more insight into the correlation 
between the catalytic activity and the electronic structure of Au–NiAl catalysts. 
The layered structure collapses accompanied by the appearance of NiO phase 
during the time on stream at elevated temperature, as it was disclosed above. The 
large amount of water vapor in the reaction mixture is expected to cause partial 
hydroxylation of the NiO surface with formation of Ni(OH)2 and NiOOH struc-
tures, containing Ni2+ and Ni3+ cations. It was supposed in our previous paper [5] 
that the redox WGSR proceeds over Ni-containing catalytic entities via an associ-
ative reaction mechanism. It considers the interaction between adsorbed CO mol-
ecule and surface OH groups resulting in formation of specific surface complex 
containing active OH groups, intermediate formate species (carbonate or bicarbo-
nate are also possible), and reversible redox Ni2+ ↔ Ni3+ transition. Finally, the 
complex decomposes to the reaction products, CO2 and H2. Redox transfer and 
capability of the nickel hydroxide structures to intercalate H2O molecules support 
the associative mechanism.

The presence of Ni2+ and Ni3+ ions in the hydroxides specifies their role as 
active structures in the WGSR reaction. The participation of the nickel-hydroxide 
phases in the redox WGS reaction can be related to the reversible redox process 
between nickel ions (Ni2+ ↔ Ni3+) analogous to the processes performed on the 
positive electrodes of nickel alkaline storage batteries: Ni(OH)2 + xOH− ↔  NiO2
H2−x + xH2O + xe− [40]. It should be pointed out that, the availability of nickel in 
both Ni2+ and Ni3+ oxidation states on the catalyst surface contributes to the dem-
onstrated high activity in the studied temperature range.

The role of gold addition to NiAl samples was to favor creation of the work-
ing composition on the catalyst surface and to contribute to CO activation. By 
analyzing the activity of gold-based catalysts, it is often important to stress on the 
role of gold particles size. The availability of small gold particles (below 5 nm) 
as well as highly dispersed gold clusters was shown beneficial for high WGS 
activity [41]. In the present study were observed relatively larger gold nanopar-
ticles (15–20 nm) and future efforts could be focused on tuning the experimental 
conditions in order to deposit gold in highly dispersed state. However, the forma-
tion of larger gold particles on the surface of NiAl LDH has an advantage. Boc-
cuzzi et al. [42] have found spectroscopic evidences for hydrogen dissociation on 
small metallic gold particles even at room temperature, producing active hydro-
gen atoms that can spillover on the support and caused reduction of the support 
surface sites. Such phenomenon is undesired, because metallic nickel governs 
methanation—a side reaction that consumes hydrogen and should be avoided dur-
ing WGSR.
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Stability test

Considering catalytic behavior of Au-based catalysts and possibility for their practi-
cal application, it is always important to analyze catalyst stability. One reason very 
often discussed for decreased activity is agglomeration of gold nanoparticles dur-
ing the catalytic tests. Although our PXRD results indicated a slight increase of 
the gold particle size after WGRS, the stability test performed with the most active 
Au–NiAl2.5 catalyst demonstrated the same CO conversion degree within 32 h on 
stream at 260 °C.

Conclusions

It can be deduced from the results obtained in this study that the NiAl LDHs with 
Ni2+/Al3+ molar ratio of 2.5 and 4.0 can be applied as catalysts as well as supports 
for gold catalysts in WGSR.

The WGS activity is strongly affected by the nickel loading (Ni2+/Al3+ molar 
ratio) and the presence of gold, and is related to the existence of surface Ni2+ and 
Ni3+ ions, which are responsible for the reversible redox Ni2+ ↔ Ni3+ transition.

Probable scheme is proposed about reaction mechanism, comprising redox 
Ni2+ ↔ Ni3+ transition on the catalyst surface as well as adsorption and activation of 
CO molecule on Au particles.

The effect of supported gold is more significant in the catalyst with lower Ni 
amount (Au–NiAl2.5), thus permits obtaining and using of promising and cost-
effective catalyst for medium-temperature WGSR. The catalyst is active enough to 
carry out the process in only one step at medium temperatures, decreasing the oper-
ational costs.
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