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ABSTRACT 

Nickel-TiO2 hybrid catalysts are synthesized by electrodeposition and their catalytic activity with respect to the 

hydrogen evolution reaction is analyzed. Two types of titanium oxide particles, which are commercial particles of 

dense TiO2 and mesoporous TiO2 particles synthesized by an aerosol method, are incorporated into the matrix of the 

nickel catalyst,. Both nickel catalysts containing TiO2 particles presented higher catalytic activity than the 

conventional nickel Watts catalyst. Mesoporous TiO2-modified nickel catalyst showed the highest catalytic activity 

towards HER in alkaline medium. In addition, this type of nickel catalyst increases its catalytic activity after ageing 

treatment, which is an indication of an increase in the electro-active area of the electrode. 

Keywords: Co-deposition; Impedance spectroscopy; Titanium oxide; Ageing process; Raman spectroscopy 

1. Introduction 

In the last decades hydrogen has attracted much attention from the scientific community as a vector of clean 

energy that can be easily obtained using alternative energy sources [1–4]. It is of particular interest the preparation by 

means of water electrolysis in alkaline medium as it allows the production of high purity hydrogen using non-noble 

metal catalysts, markedly reducing the cost of the hydrogen produced [5,6]. In this sense, nickel or modified nickel 

electrodes have been presented numerous times as viable alternatives [7–10]. 

In recent years, nickel-based hybrid electrodes have attracted attention since they have particular properties, 

possibly due to a synergistic effect between the materials used [11–13]. It has been reported in literature that the use 

of TiO2 as a modifying agent of the nickel matrix substantially improves the catalytic activity of the electrode 

towards the hydrogen evolution reaction (HER) [14,15]. 

Typically, nickel/TiO2 composites are used in the generation of photocatalyzed hydrogen [16,17], although in 

recent years some work has been presented on the generation of conventional electrochemical hydrogen using this 
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type of catalysts. Lasia and coworkers [14] synthesized Ni-P-TiO2 catalysts on copper supports by a method of 

codeposition and found that the presence of TiO2, and possibly accompanied by the non-stoichiometric oxide of 

Ti2O3, increased the catalytic activity of the electrode with respect to HER. Elias and Hegde [18] reported the 

modification of nickel catalysts with TiO2 particles by modifying a citrate nickel bath using glycerol as additive, by 

anodic dissolution and TiO2 nanoparticles incorporation. The highest electrocatalytic character of Ni-TiO2 composite 

coating was attributed to a synergistic effect related to the high number of electroactive centers affected by TiO2 

nanoparticles incorporation. 

The implementation of mesoporous materials in electrocatalysis has allowed in recent years to considerably 

increase the real electrochemical area of the catalysts used and, therefore, their effective catalytic activity [19,20]. 

Particularly, the mesoporous materials of TiO2 are of great interest since these materials can be obtained in the form 

of mesoporous particles by methods that allow the continuous synthesis of particles [21].  

The synergetic effect above-mentioned on the HER kinetics on the Ni + TiO2 electrodes, responsible for the 

higher electrode activity, arises not only from the presence of TiO2, but from the existence of a layer of non-

stoichiometric titanium oxide, Ti2O3, formed on the boundary of the TiO2 grains that present an electrocatalytic effect 

on the HER according to equations (1) [14]: 

                                        (1) 

coupled to the Volmer, Heyrovsky and Tafel steps occurring on nickel: 

                                (2) 

In this work we present nickel/TiO2 hybrid catalysts synthesized by a simple and reproducible method using 

different types of TiO2 particles with different morphologies. Of particular interest is the development of advanced 

materials that can be synthesized simply and without major modifications of the industrial processes currently used 

for the synthesis of electrodes. Particularly the method used in this work consists in the direct modification of a 

conventional bath of Watts for the obtaining of nanostructured catalysts of great efficiency. The nickel Watts catalyst 

is the material obtained conventionally by means of an electrodeposition bath containing NiSO4, NiCl2 and boric acid 

to maintain the pH in 3.5 (denoted as “nickel Watts bath”). This bath allows to obtain electrodeposits of rough nickel 

which is normally used as catalyst in conventional alkaline electrolyzers. Two types of TiO2 particles, commercial 

TiO2 particles with an anatase-like structure and mesoporous TiO2 aerosols with an amorphous structure were used 
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for the modification of the nickel Watts bath. The synthesized materials were tested for the hydrogen generation in 

alkaline medium, studying also the decay in the catalytic activity due to the ageing process by formation of surface 

nickel hydrides.  

2. Experimental 

2.1. Materials  

Nickel chloride hexahydrate (Merck, PA grade), nickel sulfate hexahydrate (Anedra, PA grade), boric acid 

(Merck, PA grade), hydrochloric acid (36.5%–37%, Cicarelli, PA grade), ethanol  (96%, Cicarelli, PA grade), 

potassium hydroxide (Anedra RA reagent), titanium dioxide (ReagentPlus®, ≥99%, Sigma-Aldrich), triblock 

poly(ethylene oxide)–b–poly(propylene oxide)–b–poly(ethylene oxide) copolymer EO106PO70EO106, denoted Pluronic 

F127® (Mw = 12,600 Da, Aldrich), Titanium(IV) isopropoxide  (Aldrich, 97%), glacial acetic acid (Merk), 

acetylacetonate (denoted as ACAC, Merk), were used as received. All solutions were prepared with Milli-Q water, 

and degassed employing high purity N2 (Indura S.A.). 

2.2. Electrodeposition baths preparation 

The catalysts were synthesized using a conventional nickel Watts bath which was modified by the addition of two 

types of TiO2 particles, to analyze the differences generated in the hybrid catalyst by the presence of mesopores in the 

TiO2 matrix. For that, 25 g of boric acid were dissolved in water at 323 K, 240 g of nickel sulfate hexahydrate and 

then 25 g of nickel chloride hexahydrate were added to the boric acid solution under constant stirring to obtain 1 L of 

solution. Finally, 65 mL of Watts solution was taken and 0.2 g of the TiO2 powder was added to obtain 

electrodeposition baths for nickel/dense TiO2 (NiTiO2dense) and nickel/ mesoporous TiO2 (NiTiO2mesop) electrodes. 

2.3. Characterization 

2.3.1. Chemical and structural characterization 

SEM micrographs were obtained using a Supra 40 FESEM (Zeiss Company) operating at 8 kV equipped with 

EDX (Oxford). The X-ray diffractograms were obtained using the λ = 1.5406 Å Cu Kα radiation, with a PANalytical 

X„Pert PRO diffractometer operating at 40 kV and 40 mA, in the θ – 2θ Bragg–Brentano geometry. The 2θ range 

used was between 10° and 70°, with 0.02° steps and counting time of 2 s per step at room temperature. The crystal 

structure was refined using the Rietveld method employing the FULLPROF program [22] and a pseudo-Voigt shape 

function was used to fit the experimental data. The data refined were atomic positions, isotropic thermal parameters, 

lattice parameters, peak shape, and occupation factors. 

Raman spectra were acquired with a LABRAM-HR, Horiba Jobin-Yvon Raman microscope with a 100 x 

objective lens (NA = 0.9). The Ar laser excitation was 488.0 nm with 3.5 mW power in order to avoid laser induced 

heating. The illuminated area in all Raman experiments was 1.0 μm2 with a spectral resolution of 1.5 cm−1 and at 

least five different zones on each sample were analyzed. 

2.3.2. Electrochemical characterization 
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All the electrochemical characterizations were made in a three-electrode electrochemical cell equipped with a 

thermostatic jacket using a 1 M KOH aqueous solution as electrolyte. During the entire electrochemical 

measurements a high purity N2 flux was maintained over the electrolyte surface to deaerate the solution. A large area 

platinum foil was used as counter electrode and a saturated calomel electrode (SCE) as reference electrode (0.243 V 

vs. RHE). The temperature of the electrochemical cell was varied between 298 K and 323 K using a Lauda Alpha RA 

8 controller. On the other hand, the reference electrode was kept at room temperature by maintaining it out the 

electrochemical cell and the circuit was closed using a capillary luggin. 

The electrochemical experiments were carried out employing an Autolab PGStat30 potentiostat/galvanostat 

coupled to a FRA2 module. The uncompensated ohmic drop correction was conducted as presented elsewhere [23]. 

The area used for all current densities calculation was 0.196 cm2 (the geometric area of the disk electrode). Cyclic 

voltammetry (CV) experiments were carried out between 0.1 and −1.5 V (vs. SCE) at a scan rate of 10 mV s−1 for all 

electrodes. 

Electrochemical impedance spectroscopy (EIS) experiments were made at frequencies between 10 mHz and 100 

kHz using a 10 mV bias potential at different electrode potentials (open circuit potential (OCP), HER onset potential 

(OP), 0.1 V and 0.3 V more cathodic than the corresponding OP of each catalyst) in order to cover the potential range 

where the HER occurs [22]. The ZView 3.3 software (Scribner Associates, Inc.) was used to fit the measured data 

with different equivalent circuit models. 

Chronoamperometric profiles were measured by applying a potential pulse of −1.5 V (vs. SCE) during 4 hours at 

298 K in order to study the changes occurred in the electrodes surfaces after a short ageing process. A 900 rpm 

electrode rotation rate was used for the EIS and chronoamperometric experiments, in order to prevent bubble 

formation that could obstruct the HER. 

2.4. Ni electrode modification 

The synthesis of both catalysts was carried out on a commercial nickel electrode with an area of 0.196 cm2 (5 mm 

in diameter) mounted on a rotating disk electrode. The base nickel electrodes were mechanically polished with 0.05 

μm alumina, degreased with ethanol and consecutively immersed in KOH (1 M), and HCl (10% w/w) solutions, 

during 1 minute, in order to decap the surface. 

The synthesis of both catalysts was performed in an Autolab PGStat30 potentiostat / galvanostat coupled to a 

FRA2 module with a conventional two electrodes electrochemical cell thermostatically at 323 K (controlled with a 

Lauda Alpha RA 8 controller), using a massive nickel counter electrode with high area. During the process the 

working electrode was rotated at 1600 rpm to ensure the homogeneity of the electrodeposit [13]. 

The faradaic current applied during the synthesis of the catalysts, NiTiO2dense
 and NiTiO2mesop, was −0.05 A cm−2 

for 2700 s. After the synthesis, both catalysts were washed repeatedly with milli Q water in order to remove the rest 

of the electrodeposition bath. 
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3. Results and discussion 

3.1. Structural characterization 

Two types of TiO2 particles were used as modifiers of the nickel structure. The first is commercial TiO2 

particulate (Fig. 1a). The second type of TiO2 particles is a mesoporous TiO2 synthesized by the aerosol method 

presented elsewhere (Fig. 1b) [21].  

This material presents a mean size of ~500 nm in diameter. This average size was obtained from analyzing 

histograms constructed with at least 200 particles from the SEM micrographs with a 92% of sub-micrometric 

particles. The pore dimensions obtained from the isotherms are 3.5 nm for the diameter and 2.8 nm for the neck, with 

a surface area of 240 m2 g−1 [24].  

 

Fig. 1. SEM micrograph of the (a) commercial TiO2 particles and (b) mesoporous TiO2 particles used for the 

synthesis of the NiTiO2dense and NiTiO2mesop, respectively.  

SEM micrographs presented in Fig. 2 shows the surface structure of NiTiO2dense (Fig. 2a, b) and NiTiO2mesop (Fig. 

2c, d) catalysts. It can be seen that both catalysts have a highly rough surface with aggregates of titanium particles 

distributed randomly. The aggregates present in the NiTiO2mesop catalyst are larger than those found in the NiTiO2dense 

catalyst, which is probably due to the mesoporous TiO2 particles having larger size than those of dense TiO2, which 

would generate larger agglomerates. In both catalysts it is observed, particularly at higher magnifications (Fig. 2b, d), 

that TiO2 aggregates are not only present at the surface but they also exist in the bulk of the nickel matrix. 
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Fig. 2. SEM micrograph of the NiTiO2mesop (a and b) and NiTiO2dense (c and d).  

EDX measurements confirm the presence of Ti and Ni in the catalyst matrix homogeneously distributed with 

around 2% Ti. The X-ray diffraction patterns of the NiTiO2dense, NiTiO2mesop and a conventional nickel Watts catalyst 

[13] are indicated in Fig. 3(a). All the diffractograms show typical reflections of face cubic centered (fcc) structures 

of nickel. The diffraction parameters obtained are indicated in Table 1 for the Ni peaks observed in the 

diffractograms. Particularly, the NiTiO2dense shows signals corresponding to anatase TiO2 [25] with low intensity (Fig. 

3b). It has been widely reported in literature that the (1 1 1) plane is more stable than the (2 0 0) plane, probably 

because the (1 1 1) plane is more compact [26]. The (1 1 1)/(2 0 0) planes ratio is often used as one of the parameters 

related to the catalyst stability, with the stability being increased by increasing the value of the ratio. This (1 1 1)/(2 0 

0) planes ratio for nickel Watts, NiTiO2dense and NiTiO2mesop has values of 4 without difference between the catalysts. 

The high value of the planes ratio indicates that the presence of titanium particles does not affect the stability of the 

nickel substrate. 

Raman spectra of the different particles used for the catalyst synthesis along with the spectra of both catalysts 

(NiTiO2dense and NiTiO2mesop) are presented in Fig. 3(c). It can be seen that commercial titanium particles have bands 

at 393, 512 and 636 cm−1 which can be all assigned to the anatase phase. No peaks related to rutile structure (138, 

230, 443, 606 cm−1) were observed in this sample [27], while the mesoporous TiO2 particles do not present bands in 

Raman [28]. It is also observed in Fig. 3(c) the spectra of NiTiO2dense which is similar to those obtained for 

commercial TiO2, with the absence of peaks corresponding to Ni oxides or nickel hydrides in any of the catalysts 
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[29]. Thus, the catalyst synthesis process did not generate appreciable changes in the structure of TiO2 detectable by 

vibration of bands in the Raman spectra. 

 

 

 

Fig. 3. (a) X-ray diffraction patterns of all the catalysts synthesized, (b) zoom of the XRD patter of the NiTiO2dense 

catalyst, (c) Raman spectra of the commercial TiO2 particles, mesoporous TiO2 particles, NiTiO2dense and NiTiO2mesop. 

3.2. Cyclic voltammetry and chronoamperometry 

The cyclic voltammetries measured in NiTiO2dense, NiTiO2mesop and a conventional Ni-Watts catalyst are shown in 

Fig. 4. It can be seen that the three catalysts have similar onset potential of about −0.95 V (vs. SCE).However, there 
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is a noticeable increase in current density for HER at −1.5 V (vs. SCE) by incorporating TiO2 into the catalyst 

structure. Particularly, the NiTiO2mesop catalyst has a current density 1.45 times greater than the measured with 

NiTiO2dense catalyst and 8.8 times greater than that presented by the conventional Ni-Watt catalyst. Differences in 

oxidation/reduction peaks of catalytic species (mainly nickel) can also be observed, with a marked increase in 

voltammograms related to the loading of the electric double layer of the electrodes. This increase of the peaks current 

is greater in the NiTiO2mesop catalyst that the NiTiO2dense catalyst and may be explained by the fact that the former has 

a greater accessible electrochemical area than that of NiTiO2dense, resulting in a higher charge current of the double 

layer [30]. This increase in the current density at −1.5 V (vs. SCE) is directly related to the j increase observed in the 

chronoamperometric profiles of the ageing process presented in Fig. 5. 

 

Fig. 4. Cyclic voltammogram of bare nickel [35], NiTiO2dense and NiTiO2mesop measured at 10 mV s−1 and 298 K. 

 

Fig. 5. Chronoamperometric profiles of bare nickel [35], NiTiO2dense and NiTiO2mesop measured at 298 K. 

The electrode deactivation rate (δ) was calculated as [19,31]: 

  -
   

  
 
  

  
                                      (3) 
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where je is the current extrapolated at the start of polarization, and the slope, dj/dt, is evaluated from the linear decay 

at t > 2000 s. The deactivation rate of each electrode is presented in Table 2. It can be seen that the rate of 

deactivation of the electrode decreases considerably with the addition of TiO2 to the catalyst matrix. Differences are 

observed between this effect from NiTiO2dense and NiTiO2mesop, where nickel containing mesoporous particles has a 

higher decay rate than NiTiO2dense. This differences may be due to both catalysts (NiTiO2dense and NiTiO2mesop) having 

more stable structures than those of Ni-Watts, although NiTiO2mesop has a larger exposed area which would increase 

the surface deactivation rate. In addition to this, after the ageing process, Raman bands at 3581 and 3660 cm−1 

corresponding to the presence of surface nickel hydrides are not observed for the NiTiO2 hybrid catalysts. These 

hydrides are normally detected by Raman on pure nickel catalysts after this type of ageing treatment [13]. 

Fig. 5 shows that the NiTiO2mesop catalyst during the first few minutes of hydrogen generation has much higher 

currents than the other catalysts studied and takes about 2000 seconds to stabilize, unlike the NiTiO2dense and Ni-

Watts that do so during the first few seconds of the chronoamperometric experiment. This effect has already been 

observed previously during the electrochemical use of other mesoporous materials [30,32] and could be due to the 

lower diffusion coefficient of the species within the mesopores [33,34]. However, in spite of this lower diffusion 

coefficient, the NiTiO2mesop catalyst shows higher current density than those presented by the other catalysts. 

Fig. 6(a) shows the cyclic voltamograms of NiTiO2dense and NiTiO2mesop catalysts measured at 298 K before and 

after the short ageing process. After ageing, the NiTiO2dense catalyst shows a 16 % decrease in current density while in 

the NiTiO2mesop catalyst shows an increase of 31% in current density. This indicates that the NiTiO2mesop catalyst has 

not only greater catalytic activity than that of NiTiO2dense but also undergoes an activation process after ageing, an 

effect sometimes shown by other catalysts in the literature [23,38]. 

Tafel curves constructed for these catalysts before and after ageing are shown in Fig. 6(b). It is observed that after 

ageing the NiTiO2dense catalyst increases its equilibrium potential while the NiTiO2mesop catalyst maintains it. 

Calculated Tafel slope values are between 0.13 and 0.15 V dec−1 for NiTiO2mesop and NiTiO2dense, respectively (Table 

2). The values are similar to that reported for commercial bare Ni (0.13 V dec−1) [35,36], and are consistent with a 

Volmer reaction as the rate determining step in the global reaction where the Tafel slopes corresponds to the electron 

transfer (with a theoretical Tafel slope of ~0.12 V dec−1). 

It is noticed that the Ni-Watts and NiTiO2dense catalysts freshly synthesized have similar values, while the 

NiTiO2mesop catalyst shows a 45% higher exchange current. After ageing, Ni-Watts and NiTiO2dense catalysts reduce 

their exchange current. Particularly a strong decrease of the j0 in the Ni-Watts catalyst is observed, much higher than 

that observed in NiTiO2dense. Additionally, after ageing, the NiTiO2mesop catalyst shows an increase in the exchange 
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current of one magnitude order. These modifications in the exchange current are reflected in the changes observed in 

the potentiodynamic experiments (Figs 4 and 6a). 

 

 

Fig. 6. (a) Cyclic voltammogram of NiTiO2dense and NiTiO2mesop measured at 10 mV s−1 and 25 °C, before and after 

the short ageing process, (b) Tafel plots for the HER on fresh and aged catalysts measured at 293 K. Scan rate = 10 

mV s−1. 

3.3. Electrochemical impedance spectroscopy analysis 

It has been reported numerous times in the literature that the HER on nickel electrodes in alkaline medium can be 

adjusted using the Armstrong & Henderson equivalent circuit (AHEC) [37,38]. This model describes that the HER 

can be adjusted by two circles in the complex plane dependent on the applied overpotential [39,40]. However the 

AHEC model does not fit particularly well when the electrode is porous or possess high roughness [41], and it is 

necessary to modify it by the addition of constant phase elements (CPE), since experimentally only a single flattened 

semicircle is observed. It has been presented in literature that the use of the CPE on rough electrodes is necessary due 

to capacitance dispersion [42]. The AHEC model modified with a CPE (denoted as AHEC1CPE) describes a simple 

hydrogen evolution process, found usually on polycrystalline Ni and some porous Ni based electrodes [43–45]. 
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The AHEC modified by two-CPE (denoted as AHEC2CPE) theoretically produces on the complex-plane plot two 

semicircles, with the high frequency semicircle related to the porosity, and the low-frequency semicircle related to the 

charge-transfer process [46–49]. Moreover, on porous electrodes the high frequency part of the complex plane plots 

usually shows either straight line at 45° or a semicircle for cylindrical or pear shape pores, respectively [50]. In a 

similar way, in several works it has been proposed the use of a modified Randles model using a CPE (denoted as 

Randles-CPE) to correctly adjust the experimental data [39,47]. 

In this work we have applied several models to adjust the experimental data, such as those presented in Fig. 7. 

Thus, we used the conventional AHEC, a modified AHEC with a CPE (AHEC1CPE), a modified AHEC with 2 CPE 

(AHEC2CPE), a model containing 2 CPE in series (2CPE) [39], a conventional Randles model and a model Randles 

modified with a CPE (Randles-CPE).  

It was taken as a setting parameter the χ2 with values lower than 0.01 as the best models for fitting. Fig. 7 shows 

an example of a Nyquist graph adjusted by the different models along with the χ2 value obtained for the adjustment.  

In this way the Cdl, Rct and Rp parameters were obtained for the different models. 

A very good approximation to the experimental data for the all electrodes was obtained using the AHEC2CPE, 

the 2CPE electrical circuit and the Randles-CPE model. However, for potentials where the hydrogen generation 

reaction occurs, the AHEC1CPE model also fits properly. On the other hand, it is important to clarify that the 

Randles-CPE model only adjusts the first semicircle, unlike the other models derived from the Armstrong & 

Henderson model. 

Fig. 8 shows the impedance spectra in the complex plane for the NiTiO2dense and NiTiO2mesop catalysts measured 

at 25°C and different potentials. It can be seen that increasing the overpotential systematically decreases the radius of 

the Nyquist plot indicating a dependence of the charge transfer resistance with the overpotential. 

In Table 3 the values obtained for the models having the best fits are shown, (AHEC2CPE and Randles-CPE). 

Particularly, the AHEC2CPE model presents a better Rct adjustment where it can be seen that it decreases 

significantly in the NiTiO2mesop catalyst with respect to NiTiO2dense, indicating that the increase in the catalytic activity 

is not only due to an increase in the surface area of the electrode, but also there is an increased catalytic effect on the 

catalyst synthesized using mesoporous TiO2. 

The Randles-CPE model can only be used to fit the first half-circle of the Nyquist plot which is commonly 

associated to the roughness of the surface [46]. It can be seen that there are differences between the values obtained 

for the different catalysts although they seem to indicate that the NiTiO2dense catalyst has a higher roughness factor 

than NiTiO2mesop, strengthening the hypothesis that the NiTiO2mesop catalyst is more electroactive regardless of 

differences in surface area. 
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Fig. 7. NiTiO2mesop measured at 25 °C and −1.105 V (vs. SCE) adjusted with the equivalent circuit models: (a) 

AHEC, (b) AHEC1CPE, (c) AHEC2CPE, (d) Randles model, (e) Randles-CPE model and (f) 2CPE model. 

 

Fig. 8. Nyquist plot impedance spectra in the complex plane for the HER on NiTiO2mesop in 1 M KOH at 298 K and at 

a rotation rate of 900 rpm measured at: (a) −0.5 V (vs. SCE), (b) −0.95 V (vs. SCE), (c) −1.05 V (vs. SCE) and (d) 

−1.25 V (vs. SCE). 

 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

13 

 

In the analysis of the Nyquist graphs at high frequencies (not showed) it is observed that all impedance spectra 

for both catalysts, regardless of the applied overpotential, has a straight line at 45° with respect to the real axis. This 

behavior has been attributed numerous times in the literature to the presence of surface roughness, particularly to the 

presence of surface pores [14,44,46]. It is common to see on porous electrodes that the high frequency part of the 

complex plane plots shows a straight line at 45°. Keiser et al. [51] studied the impedance of shaped pores in the 

absence of a faradaic process and found that a straight line at 45° is observed for cylindrical pores at high frequencies. 

These features are due to geometric effects, and are related to the coupling of the double-layer capacitance and the 

solution resistance in pores, detected at high frequencies. 

 4. Conclusions 

In this work a simple and reproducible method for the synthesis of modified nickel catalysts with TiO2 particles 

by electrodeposition has been presented. These modified catalysts show to have a higher catalytic activity than the 

Nickel-Watts catalyst and in particular the catalyst synthesized using mesoporous TiO2 has a higher catalytic activity 

than that synthesized using dense TiO2. Additionally, it was found that the nickel catalyst modified with mesoporous 

TiO2 presents an increase in the catalytic activity after the ageing process in alkaline medium. The Tafel slope values 

indicate that the rate-determining step of the reaction is the Tafel reaction with one electron. The adjustment of the 

measured data by electrochemical impedance spectroscopy using different equivalent circuits was analyzed. As 

expected, the models using circuits with a larger number of fitting parameters present the best adjustments, although a 

satisfactory fitting can be obtained with the modified Randles model with CPE and the model proposed by Armstrong 

& Henderson modified with 1 CPE. The need to use a CPE to obtain an appropriate fit has been presented numerous 

times in the literature as an indication of the roughness of the electrode. Spectroscopic Raman analysis indicates that 

the presence of TiO2 in the catalyst matrix inhibits the formation of surface nickel hydrides at least in short ageing 

times. In this work we have found that the NiTiO2 hybrid catalyst employing mesoporous TiO2 particles can be 

synthesized by a simple method and exhibit superior catalytic activity and stability than the Ni-Watt catalysts 

commonly used in both conventional and zero gap electrolyzers using alkaline electrolyte. 
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Tables 

Table 1. XRD parameters: Peak position (2θ), full width at half maximum (FWHM), crystal size and d spacing for 

the peaks observed on the synthesized catalysts 

 

2 Theta 

(degree)  

FWHM 

(degree) 

Crystal size  

(nm) d (Ǻ) Plane 

Ni-Watts 44.47 0.26 34.2 2.03 (111) 

Ni-Watts 51.76 0.37 25.2 1.76 (200) 

NiTiO2mesop 44.43 0.29 31.0 2.03 (111) 

NiTiO2mesop 51.78 0.45 20.5 1.76 (200) 

NiTiO2dense 44.38 0.21 42.5 2.04 (111) 

NiTiO2dense 51.69 0.29 31.8 1.76 (200) 

 

Table 2. Deactivation rate (δ), Tafel slope (b), and exchange current density (j0). 

  δ (s−1) ba  (mV dec−1) bb  (mV dec−1) j0
a  (mA cm−2) j0

b  (mA cm−2) 

Ni Watts [13] 4.9x10−3  
0.256 0.142 1.20x10−4 6.91x10−7 

NiTiO2dense 3.6x10−4 
0.149 0.146 1.20x10−4  6.15x10−5  

NiTiO2mesop  6.6x10−4 
0.135 0.130  1.75x10−4  2.52x10−3 

a Fresh synthesized catalyst, b aged catalyst. 

Table 3. Parameters of the AHEC2CPE and the Randles-CPE for the HER in 1 M KOH at 298 K for all the 

synthesized catalysts at −1.05 V (vs. SCE). 

AHEC2CPE  NiTiO2dense
a NiTiO2dense

b  NiTiO2mesop
a  NiTiO2mesop

b  

Rs 48.4 20.19 27.473 37.41 

CPE1 0.001774 0.02898 0.01355 0.022025 

Rct 1803 1465 541.6 588.2 

CPE2 0.020491 0.002778 0.001276 0.002137 

Rp 16.42 30.05 41.63 69.36 

Randles-CPE 

 

      

Rs 48.13 19.84 27.32 36.98 

CPE 0.0032027 0.0040133 0.00176 0.00277 

Rct 36.35 52.31 91.03 106.9 
a Fresh synthesized catalyst, b aged catalyst. 

 

 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

20 

 

Graphical Abstract 

Hybrid Ni/TiO2 catalysts were synthesized by a simple and reproducible method. These modified catalysts show to 

have a higher catalytic activity than Nickel-Watts catalyst. The catalyst synthesized using mesoporous TiO2 has the 

higher catalytic activity. 

 

 

 


