
 

 
 

 

 
Catalysts 2023, 13, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/catalysts 

Supporting Information 

Enhanced alkaline hydrogen evolution on Gd1.0-Ndx (x = 0.5, 1.0, 

3.0, and 6.0%)-doped TiO2 bimetallic electrocatalysts 

S1. Characterization of Gdx/TiO2, Ndx/TiO2, and Gd1.0/Ndx/TiO2 NPs 

The formation of Gdx/TiO2, Ndx/TiO2, and Gd0.5/Nd0.5/TiO2 NPs was characterized by 

FT-IR and simultaneous TGA-DTA analysis, Figures S1 and S2).   The solvolysis of tita-

nium(IV) tert-butoxide in presence of gadolinium(III) or neodymium(III) salts in dimethyl 

sulfoxide (DMSO) as a solvent (and as a reactant) leads to the spontaneous formation of 

Gd3+Ti(OH)4 or Nd3+Ti(OH)4 monomers. As the temperature increases, these hydroxide 

monomers were then reacted with dimethyl sulfoxonium cation [1], which resulted from 

the decomposition of DMSO molecules grafted on the surfaces of Gd3+ or Nd3+-doped TiO2 

NPs as initiators/catalysts.   

The formation of Ti(OH)4 as an intermediate on the surface of Gd3+ or Nd3+-doped 

TiO2 NPs slows down the growth of these NPs and prevents their agglomeration at high 

temperature [2]. Moreover, the presence of Ti(OH)4 on the surface of these NPs acts as a 

nucleation site for the growth of Gd3+ or Nd3+-doped TiO2 NPs via inorganic polymeriza-

tion reactions, which are also catalyzed by the high reactivity of the surfaces of Gd3+ or 

Nd3+-doped TiO2 NPs.  

The FT-IR spectra of Gd3+-doped TiO2 NPs before and after the calcination process 

are displayed in Figure S1. The IR spectrum of the synthesized precursor Gd3+.nBuO [3] 

shows a deformation vibration band of water at 1622 cm-1, indicating its hydration nature. 

The spectrum also reveals the presence of butoxy groups (regions of 2800–3000 cm-1 and 

1000–1250 cm-1).  
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Figure S1. FT-IR spectra of DMSO, Gd3+.nBuO, and Gd/TiO2 NPs before (red) and after (blue) an-

nealing process. 

It also shows additional vibration bands at 1461 and 1377 cm-1, which belong to meth-

ylene and methyl bending vibration bands [4,5]. The vibration band at 1438 cm-1 corre-

sponds to the asymmetric bending (δas) of methyl groups in the DMSO molecule. The 

weak vibration bands around 1075 and 900 cm-1 can be assigned respectively to symmetric 

and asymmetric S–O stretching {νs(SO) and νas(SO)} vibrations of the bound DMSO mol-

ecules. Compared to pure DMSO, the spectrum of TiO2 before annealing exhibits two ad-

ditional peaks centered at 1584 and 3383 cm-1 due to H2O bending and vibration of OH 

hydroxyl groups, respectively [6]. The peaks were not detected in the TiO2 spectrum meas-

ured after the annealing process, which means that all organic compounds were removed 

from the samples by the calcination at 400 oC. 

The thermal decomposition behavior of Gd3+-doped TiO2 NPs before and after the 

calcination process was examined by simultaneous thermogravimetric (TG) and differen-

tial thermal (DT) analysis between room temperature and 1000°C. Figure S2 displays the 

DTA/TGA curves of Gd3+ and Nd3+-doped TiO2 nanoparticles before and after calcination 

process, respectively. According to Figure S2(a), before calcination, the sample experi-

enced four main degradation processes through the TGA test. The first step, occurred at 

about 110°C, was endothermic and could be due to the evaporation of a small amount of 

water molecules adsorbed on the TiO2 surface as well as the volatilization of the remnant 

of organic solvents. The second process between 200 and 300°C was highly exothermic 

and could be attributed to the carbonization or the combustion of organic compounds. i.e. 

the loss of carbon, hydrogen, and oxygen. The third weight loss between 480 and 550 oC, 

accompanied by an exothermic peak, could be most likely ascribed to the further combus-

tion of organic moieties [7,8] and crystallization of TiO2 [9]. In the fourth step, small, but 

unexpected mass gain was observed, while slow mass loss took place at an almost con-

stant rate. This result is in good agreement with the FT-IR measurement (result not 

shown), which confirms the presence of hydroxyl groups on the TiO2 surface [10]. In con-

trast, no TGA weight loss or DTA peaks were detected in the TGA/DTA curves of Gd3+-

doped TiO2 NPs recorded after calcination, Figure S2(b). This indicates that the prepared 

Gd3+-doped TiO2NPs was highly thermally stable. 
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Figure S2. TGA-DTA curves of Gdx/TiO2 NPs recorded from room temperature to 1000°C before (a) 

and after (b) calcination. 

S2. Preparation of the GC-loaded catalyst working electrode 

A glassy carbon (GC) rod was polished using 0.3 and 0.05 microns size alumina pow-

der until it had a mirror-like finish. Finally, it was dried in ambient after being ultrasoni-

cally cleaned for at least 20 min with double-distilled water (Milli-Q). The GC electrode 

was then loaded with the active material, producing GC-loaded catalyst working elec-

trode. In this setup, an aqueous solution containing 0.5 wt.% Nafion was used to homo-

geneously disperse the catalyst powder in order to produce an ink. The catalyst ink was 

then obtained and drop-casted (20 μL, 1.0 mg/mL) over the freshly polished GC electrode. 

The catalyst had a loading density of about 0.28 mg cm-2. 

S3. Electrochemical characterizations 

In an aqueous (deaerated) solution of KOH (1.0M), all electrochemical characteriza-

tions were carried out at room temperature. In each case, the WE's potential was measured 

against a Hg/HgO reference electrode and then converted to the scale of the reversible 

hydrogen electrode (RHE) using the formula ERHE = EHg/HgO + 0.059 pH + 0.165. The repro-

ducibility of the electrochemical measurements was verified by performing each run at least three 
times, during which statistically significant results were collected. Each reported value's arithmetic 
mean and standard deviation were computed. 

Linear sweep voltammetry (LSV) was used to evaluate the electrocatalytic activity of 

the designed catalysts for the HER. In order to run an LSV experiment, the working elec-

trode was cathodically scanned from the corrosion potential (Ecorr) to a cathodic potential 

of -1.0 V vs. SCE at a scan rate of 5.0 mV s-1.  

Using continuous cathodic potential cycling, the best catalyst described here, Gd1.0-

Nd6.0-TiO2, was evaluated for its long-term stability and durability. A complete cycle was 

formed by linearly sweeping the potential at a scan rate of 50 mV s-1 from the starting 

potential (Ecorr) to the cathodic direction until it reached a cathodic potential of -1.0 V vs. 

RHE. Without taking the electrode out of the test solution, without time delay, the cycling 

process was repeated 10,000 times. 

S4. HER’s Faradaic efficiency measurements 

(b) 
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The quantity of H2 released (expressed in µmol) during a controlled galvanostatic elec-

trolysis (CGE) was collected using gas chromatography (GC) to calculate the HER Fara-

daic efficiency values of the investigated catalysts. Measurements were performed in a 

custom-made airtight electrolysis cell. The H2 gas evolved during the performed CGE was 

quantified by a GC conducted on an Agilent 7890A gas chromatograph with a pneumati-

cally controlled automatic gas sampling valve. The electrolysis cell was connected to the 

GC device via bespoke airtight glass-to-metal adapters and copper tubing with an internal 

diameter of 1/8 in. The temperature of the furnace was set at 45 °C and the carrier gas was 

Ar, with a flow rate of about 3 mL min-1. 

The WE was subjected to a cathodic current density of -10 mA cm-2 for 1.0 h in 1.0 M 

KOH at room temperature. The volume of H2 gas measured by GC is symbolized here as 

Vm, Eq. (S1).  

Vm = mol gas (GC)          (S1) 

The volume of H2 theoretically estimated during the performed CGE run from the 

charge passed (assuming 100% Faradaic efficiency) through the working electrode (WE) 

is designated here as Vc, and calculated based on Eq. (S2) [11].  

Vc = Q(CGE) / nF         (S2) 

where F is the Faraday's constant (F = 96485 C) and Q(CGE) is the charge passed 

through the WE during the controlled process of galvanostatic electrolysis (CPE). The fac-

tor n represents the number of electrons transferred during the HER (2H+ + 2e- = H2, n = 

2). The value of FE is then calculated via dividing Vm by Vc. Finally, the tested electrocata-

lyst’s FE% value is calculated via multiplying the quotient of the ratio (Vm/Vc) by 100, Eq. 

(S3) [11]:  

Faradaic efficiency (%) = [F × n × mol gas (GC) × 100] / Q(CGE)  (S3) 
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Figure S1. Cyclic voltammograms recorded for studied catalysts at various potential scan rates (20-

100 mV s-1) measured in a non-Faradaic region of the voltammograms. Measurements were con-

ducted in deaerated KOH solution (1.0 M) at room temperature. 

 

Figure S2. Double-layer capacitance measurements for determining the electrochemically-active 

surface area of Gdx/TiO2 and Ndx/TiO2  (x = 0.5, 1.0, 3.0, and 6.0 %) catalysts. 
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Figure S3. Double-layer capacitance measurements for determining the electrochemically-active 

surface area of Gd1.0/Ndx/TiO2 (x = 0.5, 1.0, 3.0, and 6.0 %) catalysts. 
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Table S1. Comparison of HER catalytic activity of our best performing electrocatalysts with the 

highly efficient ones reported in the literature in alkaline solutions. 

 
      

Catalyst 
Catalyst loading density / mg cm-

2 

Tafel slope / mV 

dec-1 

Overpotential @ 10 mA 

cm-2 Solution Ref. 

Gd1.0/Nd0.5/TiO2 0.28 113 177 1 M KOH This work 

Gd1.0/Nd1.0/TiO2 0.28 112 161 1 M KOH This work 

Gd1.0/Nd3.0/TiO2 0.28 110 142 1 M KOH This work 

Gd1.0/Nd6.0/TiO2 0.28 109 115 1 M KOH This work 

Co-Mo (26 wt.% Mo) --- --- 180 1 M NaOH [12] 

Co-Mo-TiO2 --- 72 68 1 M NaOH [12] 

Co-Mo --- --- 360 1 M KOH [12] 

Co-Mo --- --- 90 8 M NaOH 

(90°C) 
[12] 

Co-Mo-C --- --- 200 8 M NaOH 

(90°C) 
[12] 

Co-Ni --- --- 550 1 M KOH [13] 

Co-Mo --- --- 145 1 M KOH [13] 

Co-Ni-Mo --- --- 110 1 M KOH [13] 

MoNi hollow 

structure 
--- 31.4 38 1 M KOH [14] 

Ni wire   95.8 262 1 M KOH [15] 

Ni-Cu-1.5 --- 81.6 180 1 M KOH [15] 

Ni-Cu-3.0 --- 57.2 128 1 M KOH [15] 

Ni-Cu-5.4 --- 74.5 158 1 M KOH [15] 

NiMo HNRs / Ti 

mesh 
--- --- 92 1 M KOH [16] 

NiMo NWs / Ni foam 0.41 --- 30 1 M KOH [16] 

NiMo powder --- --- 80 2 M KOH [16] 

Co-P/Ni-P alloys --- --- 100 1 M KOH [17] 

Co-Mo-P amorphous 0.5 63 30 1 M KOH [17] 

Co-Mo-P amorphous 0.5 65 35 1 M KOH [17] 

Co-Mo-P nanocrystal 0.5  --- 83 1 M KOH [17] 

Pt-Ni alloy --- --- 82 0.1 M KOH [18] 

Fe75Mo20Er5 ---  --- 284 Alkaline  [19] 

Fe75Mo20Dy5 ---  --- 262 Alkaline [19] 

Fe75Mo20Gd5 ---  --- 236 Alkaline [19] 

Fe80Mo20 ---  --- 214 Alkaline [19] 

Fe75Mo20(MM)5 --- 103 186 Alkaline [19] 

Fe-Co (1:1) (MW) --- 68 250 Alkaline [20] 

Co --- 134 211 1 M KOH [21] 

CoMoC 3.9 46 46 1 M KOH [22] 

Mo2C --- 89 146 1 M KOH [23] 
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