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EXPERIMENTAL DETAILS

Chemical reagents

All reagents were commercially purchased and used without further purification. Titanium 

tetrachloride (TiCl4, 99.9%) and iridium trichloride hydrate (IrCl3.xH2O, 99.9%) were obtained 

from Aladdin (China) and Sigma-Aldrich (USA), respectively. Hydrochloric acid (HCl, 37%), 

ethylene glycol ((CH2OH)2, 99.0%), sodium hydroxide (NaOH, ≥ 99.0%), and sodium 

borohydride (NaBH4, 98.0%) were purchased by Merck, Germany. Chloroplatinic acid 

hexahydrate (H2PtCl6.6H2O, ≥37.50% Pt basis) and molybdenum(V) chloride (MoCl5, 95.0%) 

were bought from Sigma-Aldrich, USA. Vulcan carbon black (XC-72) was achieved from Fuel 

Cell Store, USA.

Synthesis of activated Vulcan XC-72

The Vulcan carbon black (XC-72) was pre-treated in HNO3 solution at room temperature for 

12 hours to remove other impurities and introduce functional groups on the carbon surface. 

After the acidization, the resultant precipitation was collected by centrifugation and washing 

at least repeated 10 times until the solution became neutral, followed by drying at 80 oC in air.

Synthesis of rutile Ti0.9Ir0.1O2 nanoparticle

The rutile Ti0.9Ir0.1O2 nanoparticle was prepared by a hydrothermal process, which is firstly 

reported by our groups.1 Briefly, 0.07 g of IrCl3.xH2O was dissolved completely into 50 mL of 

purged H2O, followed by adjusting the pH value to 0 using HCl solution. Afterward, 0.2 mL 

of TiCl4 was dropped into the above solution and then put into a Teflon-lined autoclave, being 

heated to 210 oC for 12 hours. The resulting product was collected by centrifugation, washing, 

and drying at 80 oC overnight.

Synthesis of rutile Ti0.9Ir0.1O2-C nanocomposite

The rutile Ti0.9Ir0.1O2-C (50: 50 wt%) nanocomposite was fabricated by a simple and facile 

chemical method. Firstly, 0.025 g of activated Vulcan XC-72 carbon and 0.025 g of rutile 
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Ti0.9Ir0.1O2 nanoparticle were dropped into 50 mL of a solution containing ethylene glycol and 

isopropyl alcohol (4: 1 volume ratio), followed by ultrasonication for 15 min to form a 

homogenous suspension. Afterward, the obtained suspension was put on a Teflon-lined 

autoclave and was heated at 120 oC for 8 hours. Next, the precipitation was washed and 

centrifuged with acetone and water to remove completely organic solvents at least repeated 10 

times and was dried at 80 oC overnight.

Synthesis of the MoPt/Ti0.9Ir0.1O2-C catalyst

The MoPt/Ti0.9Ir0.1O2-C electrocatalyst was prepared by a facile chemical reduction process. 

In a typical experiment, 23.4 mg of Ti0.9Ir0.1O2-C nanocomposite was distributed into a solution 

containing 25 mL of H2O and 5 mL of ethylene glycol and was ultrasonicated for 30 min. 

Afterward, 0.21 mL of H2PtCl6 (0.02 M) and 0.07 mL of MoCl5 (0.02 M) were quickly dropped 

into the above suspension under vigorous stirring for 5 min, followed by modulating the pH 

value to 11 by NaOH (1 M). After stirring the suspension for 15 min, 5 mL of NaBH4 reductant 

was injected slowly into and stirred continuously for 2 hours at room temperature for the 

complete reduction reaction. The product was collected by centrifugation, washing, and drying 

in air at 80 oC for further use.

Material Characterizations

X-ray diffraction (XRD) pattern of all studied nanomaterials was collected on D2 PHASER 

(Bruker, Germany) with Cu K radiation source (λ = 1.5418 Å) in 2 range from 20o – 80o at 

a step size of 0.02o. Fourier-transform infrared (FT-IR) spectra were acquired on Nicolet iS5 

FT-IR Spectrometer devices (Thermo Scientific, USA) with scanning from 4000 to 400 cm-1 

at room temperature Field emission scanning electron microscopes (FE-SEM) coupled with 

energy dispersive X-ray analysis (EDX) mapping was conducted on JOEL-JSM 6500F device 

at 15 kV to record the composition and distribution of elements in the as-obtained samples. 

High-resolution transmission electron microscopy (HR-TEM) images of as-prepared 
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nanomaterials were collected on a JOEL-JEM 2100F device at 200 kV. Scanning transmission 

electron microscopy (STEM) and elemental mapping were carried out on a JOEL-JED 2300T 

device. X-ray photoelectron spectroscopy (XPS) was performed on PHI 5000 VersaProbe 

(Ulvac-PHI) equipped with a monochromator Al K (h  = 1486.6 eV) X-ray source.ʋ

Electrochemical Investigations

Electrochemical measurements were conducted on an Autolab potentiostat/galvanostat 

(PGSTAT302N) workstation (Metrohm Co., Ltd. Switzerland) coupled with a three-electrode 

cell, including a working electrode (glassy carbon (GCE), 3 mm), a counter electrode (platinum 

wire), and reference electrode (Ag/AgCl/(sat.KCl). Before electrochemical tests, the catalyst 

ink was prepared by dispersion of 1.7 mg of as-made catalyst in a mixture of 20 µL of Nafion 

and 80 µL of isopropyl alcohol, and then 30 min ultrasonication to generate a homogeneous 

ink. Before coasting the as-prepared catalyst ink, the GCE surface was polished with 0.5 µm 

Al2O3 and washed with absolute ethanol and purged water, followed by dropping 2.5 µL of 

catalyst ink onto the GCE surface and drying naturally. To start with, a cyclic voltammetry test 

was performed in an N2-saturated 0.5 M H2SO4 electrolyte solution with 100 cycles at 50 mV 

s-1 to get an active working electrode. Linear sweep voltammetry (LSV) was conducted to 

record polarization curves toward hydrogen evolution reaction (HER) in 0.5 M H2SO4 

electrolyte at a scan rate of 5 mV s-1. Electrochemical impedance spectroscopy (EIS) was 

recorded in a frequency range of 0.1 - 105 Hz at HER potential in 0.5 M H2SO4 electrolyte. To 

evaluate the electrocatalytic stability, an accelerated durability test (ADT) with 5000-cycling 

was conducted in 0.5 M H2SO4 solution. In addition, the chronopotentiometry (CP) test also 

was conducted in 0.5 M H2SO4 electrolyte at a constant current density of -10 mA cm-2 and 10 

mA cm-2 to further durability of all investigated electrocatalysts for the HER process at 10 

hours. For comparison, Pt/C (E-TEK) was used as benchmark catalysts for HER. All reported 

potentials were converted from Ag/AgCl to reversible hydrogen electrode (RHE) scale by Eqs. 



S-5

(1)-(3):2 

ERHE = EMea + 0.059*pH + E0
Ag/AgCl

ERHE = EMea + 0.059*0 + 0.197

ERHE = EMea + 0.197

(1)

(2)

(3)

where ERHE is a potential versus RHE, EMea is a measured potential, E0
Ag/AgCl is a standard 

electrode potential of Ag/AgCl/(sat.KCl), and pH of 0.5 M H2SO4 is close to 0.

Calculation of electrochemical surface area (ECSA)

The active surface area of investigated electrocatalysts was calculated from their double-layer 

capacitance (Cdl). The electrical capacitance between the double layers was calculated from the 

cyclic voltammetry curves with a narrow potential window from 0.35 VRHE to 0.45 VRHE at 

various scan rates (10, 20, 40, 60, 80, and 100 mV s-1) by following Eq. (5):3, 4

 a c dlj / 2 j j / 2 C     (4)

where  (mV s-1) is a scan rate; ja (mA cm-2) and jc (mA cm-2) are current density at anodic and 

cathodic scans, respectively; Cdl (mF cm-2) is a double-layer capacitance. The double-layer 

capacitance (Cdl) can be determined from the plots of half of the capacitive current density 

((j/2) against scan rates. The ECSA value was calculated from the double-layer capacitance 

according to Eq. (6):4-6

dl
2

S ECSA

CECSA
C per cm

 (5)

Where Cdl (mF cm-2) is the double-layer capacitance; is the specific capacitance 2
S ECSAC per cm

of a planar surface, assigned to be 0.04 mF cm-2 with a standard 1 cm-2 real surface area.6-8

Calculation of turnover frequency (TOF)

The per-site turnover frequency (TOF) of investigated electrocatalysts was calculated 

according to the following Eq. (7 - 9) as reported in previous studies:6, 9-15
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𝑇𝑂𝐹 𝑝𝑒𝑟 𝑠𝑖𝑡𝑒 =  
#𝑡𝑜𝑡𝑎𝑙 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟𝑠 𝑝𝑒𝑟 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎

#𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 𝑝𝑒𝑟 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎 (6)

The number of total hydrogen turnovers is calculated from the current density extracted from 

the linear sweep voltammetry (LSV) curves by the following Eq. (6):

#𝐻2 = (|𝑗|
𝑚𝐴 

𝑐𝑚2)( 1 𝐶 𝑠 ‒ 1

1000 𝑚𝐴)(1 𝑚𝑜𝑙 𝑒 ‒ 1

96485.3 𝐶)( 1 𝑚𝑜𝑙 𝐻2

2 𝑚𝑜𝑙 𝑒 ‒ 1)(6.022 × 1023 𝐻2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

1 𝑚𝑜𝑙 𝐻2 )
= 3.12 × 1015

𝐻2/𝑠

𝑐𝑚2
 𝑝𝑒𝑟 

𝑚𝐴 

𝑐𝑚2

(7)

The number of active sites of investigated catalysts was estimated from the mass loading on 

the working electrode surface, Pt content, and atomic Pt weight with the assumption each Pt 

center accounts for one active site:

#𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠

= (

𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑝𝑒𝑟 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎 ( 𝑔

𝑐𝑚2) × 𝑃𝑡 𝑤𝑡%

𝑀𝑃𝑡 ( 𝑔
𝑚𝑜𝑙)

) × (
6.022 × 1023 𝑃𝑡 𝑎𝑡𝑜𝑚𝑠

1 𝑚𝑜𝑙 𝑃𝑡

)

(8)

Calculation of Tafel slope

The Tafel slope of all investigated electrocatalysts was calculated in the Tafel plots, which was 

fitted by the Tafel equation, as shown in Eq. (4):16, 17

𝜂 = 𝑏 × 𝑙𝑜𝑔𝑗 + 𝑎 =
2.3 × 𝑅 × 𝑇
𝛼 × 𝑛 × 𝐹

𝑙𝑜𝑔𝑗 ‒
2.3 × 𝑅 × 𝑇
𝛼 × 𝑛 × 𝐹

𝑙𝑜𝑔𝑗0
(9)

where R and T (K) present gas constant and absolute temperature, respectively; denotes a 

charge transfer co-efficient, F presents a Faraday constant; and j0 (mA cm-2) is an exchange 

current density.



S-7

Results and Discussion

Characterization of Ti0.9Ir0.1O2-C composite

X-ray diffraction (XRD) was conducted to investigate the crystalline structure of the as-

constructed catalyst supports. As presented in Figure S1, the XRD pattern of activated carbon 

support showed two diffraction peaks at nearly 25o and 43o, corresponding to the (002) and 

(100) planes of the carbon structure.18 The XRD profile of the Ti0.9Ir0.1O2 demonstrated 

representative reflection peaks at 27.41o (110), 36.07o (101), 41.22o (111), 44.01o (210), 54.33o 

(211), 56.64o (220), 69.01o (112), and 69.79o (311), being slightly shifted to angle higher than 

those of standard rutile TiO2 structure (JCPDS 76-1940), and no peaks analogous to the anatase 

structure were detected. This suggested the formation of the single rutile Ir-doped TiO2 

nanomaterial. Apart from the diffraction peaks at the same position of the Ti0.9Ir0.1O2 support, 

the XRD pattern of the Ti0.9Ir0.1O2-C composite support showed the margination between the 

(002) plane of activated carbon and the (110) plane of the Ti0.9Ir0.1O2, increasing the intensity 

of the diffraction peak at 27.41o compared to that of the Ti0.9Ir0.1O2 support.

Figure S1. XRD patterns of all investigated supports in the 2 range from 20o – 80o at a sweep 

size of 0.02o.
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In addition, Fourier transforms infrared (FT-IR) spectra also was conducted to view the 

formation of functional groups and chemical bonds of the as-obtained Ti0.9Ir0.1O2-C support. 

Figure 2b depicts that the FT-IR spectra of the Ti0.9Ir0.1O2 support showed absorption peaks at 

~3400 cm-1 (O-H stretching), ~1700-1320 cm-1 (O-H bending) by absorbed water, and  ~583 

cm-1 (Ti-O and/or Ti-O-M stretching vibrations).19, 20 The position of these vibrational bands 

were moved slightly to the wavenumber lower than those of pure TiO2,19 suggesting the 

successful doping of Ir atoms into TiO2 lattices. While the FT-IR spectra of activated carbon 

support demonstrated various peaks at ~3400 cm-1 (O-H stretching), ~1720- 1530 cm-1 (O-H 

bending overlapped with C=C stretching and C=O stretching vibrations), ~1350 cm-1 (O-H 

stretching), and ~1200 cm-1 (C-O stretching).18 The generation of oxygen-containing groups of 

activated carbon can form intimate contact between activated carbon and Ti0.9Ir0.1O2, resulting 

in the fine stability of the composites.19, 20 In addition to the vibrational bands of Ti0.9Ir0.1O2 

and activated carbon, the FT-IR spectra of the as-obtained Ti0.9Ir0.1O2-C support showed two 

new absorption peaks at below 1000 cm-1, corresponding to the of Ti-O-M and Ti-O-C 

stretching vibrations.19, 21 These results indicated that the appearance of chemically bound 

composites of Ti0.9Ir0.1O2 and activated carbon supports was attributable to the interaction 

between surface oxygen-containing groups of the activated carbon and hydroxyl groups on the 

surface of the Ti0.9Ir0.1O2 during the formation of composites.19, 20, 22
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Figure S2. FT-IR spectrums of all supports in the wavenumber of 400 – 4000 cm-1

The FE-SEM/EDX mapping was carried out to verify the morphology, elemental 

composition, and distribution in the as-made composite. As can be seen in Figure S3 and S4, 

the FE-SEM image demonstrated the uniformity surface of the as-obtained Ti0.9Ir0.1O2-C 

support. The EDX mapping showed the well-fine distribution of Ti, O, Ir, and C elements, and 

the weight ratio of Ti0.9Ir0.1O2: C was 51.24: 48.76 wt.%, which was in agreement with the 

theoretical ratio (50: 50 wt%), as illustrated in Figure S5. These outcomes demonstrated the 

formation of the Ti0.9Ir0.1O2-C composite.
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Figure S3. FE-SEM image of the as-obtained Ti0.9Ir0.1O2-C composite.

Figure S4. FE-SEM image of the as-obtained Ti0.9Ir0.1O2 support.
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Figure S5. EDX spectroscopy and elemental mapping images of the Ti0.9Ir0.1O2-C composite.

X-ray photoelectron spectroscopy (XPS) was performed to record the chemical state of the 

elements in the as-made Ti0.9Ir0.1O2-C composite. As illustrated in Figure S6, the Ir 4f XPS 

spectra were composed of Ir 4f5/2 (63.32 eV) and Ir 4f7/2 (60.41 eV), being deconvoluted into 

two doublet peaks of Ir3+ and Ir4+ states, which was shifted slightly to energy lower than those 

of the Ir 4f in IrO2.23 The Ti 2p XPS spectra in Figure S7 showed doublet peaks of Ti 2p1/2 

(464.45 eV) and Ti 2p3/2 (458.75 eV) with a spin-orbital doublet splitting of 5.70 eV, being 



S-12

assigned to the Ti4+ states. By contrast with the energy tendency of Ir 4f, the Ti 2p position was 

observed at an energy higher than those of the Ti 2p in TiO2,24 which strongly affirmed the 

doping of iridium into rutile TiO2 structure.23 Figure S8 depicts that the O 1s XPS spectra were 

resolved into oxygen atoms in lattices (O-Ti/O-Ir) at 529.91 eV, carboxylic (C=O) at 530.82 

eV, surface hydroxyl species (OH-) at 531.43 eV, and C-O centered at 532.03 eV.25, 26 Notably, 

a small peak was observed at 532.74 eV in the O 1s spectra of the Ti0.9Ir0.1O2-C composite, 

assigning to the formation of Ti-O-C bond, indicating the strong adsorption of activated carbon 

onto the loaded Ti0.9Ir0.1O2.26 In addition, the C 1s XPS spectra was deconvoluted to four peaks 

of C-C bond (284.69 eV), C-O bond (285.76 eV), C=O bond (286.72 eV), and C-O-Ti bond 

(288.91 eV),25, 26 as demonstrated in Figure S9. In brevity, these above XPS results strongly 

confirmed the composite formation between Ti0.9Ir0.1O2 and activated carbon supports, which 

was consistent with the XRD and FT-IR results. Table S1-S4 summarized the binding energies 

of all components in the Ti0.9Ir0.1O2-C composite.

Figure S6. High-resolution XPS spectrums of the Ir 4f in the as-made Ti0.9Ir0.1O2-C composite.
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Figure S7. High-resolution XPS spectrums of the Ti 2p in the Ti0.9Ir0.1O2-C composite.

Figure S8. High-resolution XPS spectrums of the O 1s in the Ti0.9Ir0.1O2-C composite.
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Figure S9. High-resolution XPS spectrums of the C 1s in the Ti0.9Ir0.1O2-C composite.

Furthermore, electrochemical tests (such as CV, EIS, and ADT) were carried out to 

investigate the efficiency of the as-made Ti0.9Ir0.1O2-C support for the electrochemical process, 

as shown in Figure S10 – S14. As a result, the Ti0.9Ir0.1O2-C composite was promising catalyst 

support, for example, the Ti0.9Ir0.1O2-C support exhibited a large double-layer capacitance and 

high charge transfer efficiency among investigated catalyst supports, suggesting more active 

sites and efficient electron transfer of the Ti0.9Ir0.1O2-C support during electrochemical 

reactions. The electrochemical durability of the Ti0.9Ir0.1O2-C support was greater than the 

Vulcan XC-72 carbon black. The above difference of the Ti0.9Ir0.1O2-C composite support 

could be interpreted due to the combination of the high conductivity of carbon and the superior 

electrochemical corrosion resistance of TiO2-based nanomaterials.27, 28 What’s more, the 

formation of more interfacial interaction between metal oxides and carbon in the composite 

supports, which can enhance the electrocatalytic water-splitting reaction.27, 29, 30
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Figure S10. CV curves of all investigated supports in N2-saturated 0.5 M H2SO4 electrolyte at 

a scan rate of 50 mV s-1.

Figure S11. Electrochemical impedance spectroscopy of all studied supports at a potential of 

0.0 VRHE in the frequency range from 0.1 to 105 Hz in 0.5 M H2SO4 electrolyte.
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Figure S12. CV curves of the Ti0.9Ir0.1O2-C support before and after the 2000-cycling ADT 

test at a scan rate of 50 mV s-1 in N2-saturated 0.5 M H2SO4 electrolyte.

Figure S13. CV curves of the Ti0.9Ir0.1O2 support before and after the 2000-cycling ADT test 

at a scan rate of 50 mV s-1 in N2-saturated 0.5 M H2SO4 electrolyte.
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Figure S14. CV curves of the Vulcan XC-72 carbon black support before and after the 2000-

cycling ADT test at a scan rate of 50 mV s-1 in N2-saturated 0.5 M H2SO4 electrolyte.

Characterization of MoPt/Ti0.9Ir0.1O2-C catalyst

Figure S15. LSV curves of all catalysts in 0.5 M H2SO4 electrolyte at a scan rate of 5 mV s-1.
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Figure S16. Comparison of overpotential at the current density of 10 mA cm-2 and TOFs at a 

100 mV potential of different studied HER electrocatalysts in 0.5 M H2SO4 electrolyte.

Figure S17. LSV curves of the Pt/Ti0.9Ir0.1O2 catalyst before and after the 5000-cycling ADT 

test in 0.5 M H2SO4 electrolyte solution at a scan rate of 5 mV s-1.
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Figure S18. LSV curves of the Pt/C (E-TEK) catalyst before and after the 5000-cycling ADT 

test in 0.5 M H2SO4 electrolyte solution at a scan rate of 5 mV s-1.

Figure S19. TEM images of the as-made MoPt/Ti0.9Ir0.1O2-C catalyst (a) before and (b) after 

5000-cycling ADT in 0.5 M H2SO4 electrolyte solution.
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Table S1. Comparison of the HER catalytic activity of the as-made MoPt/Ti0.9Ir0.1O2-C catalyst 

with other reported Pt-based catalysts recently in acidic electrolyte.

Catalysts

Overpotential@ 

10 mA cm-2

mV

Tafel Slope

mV dec-1
Ref.

MoPt/Ti0.9Ir0.1O2-C 21.35 24.01 This work

Pt/Ti0.9Ir0.1O2 31.86 36.72 This work

Pt/C (E-TEK) 33.35 37.31 This work

Pt-Ni3N/Ni@C 45 47.3 31

PtNi/Pt DNPs 21 23 32

Pt/PtTe2/NiCoTe2/NPFC HFSs 36 23 33

TBA-Ti3C2Tx-Pt-20 55 70 34

Pt-STA-CB 33.8 27.9 35

Pt/V2CTx 70 20.6 36

Pt/Co3O4 70 33.5 37

Pt/PtTex NRs 44 23 38

Pt-CNTs 41 49 39

Pt3Fe/BNC 38 31.3 40

Pt/NBF-ReS2/Mo2CTx 29 24 41

NiOx@Pt/G 22 20 42

PtCo@NC-900 45.5 23 43

Pt-PMo/ZIF-67-800 26 30 44

Pt8Co 26.1 34 45

Pt@NDPCF 35 36 46

Pt/NP-CNT 25 28 47

Commercial Pt/C 39 29 47

Pt-Ti3C2Tx MXene 30 34.8 48

PtAg NFs/rGO 55 31 49

Pt/Ti0.9Mo0.1O2 26 36 50

CuTi@Pt0.24 NT 46 33.3 51

Pt-MoS2/MWCNTs 20 15 52
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