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S-1. Tannic acid adsorption on the carbon surface

The area of a single molecule of TA

The radius of a TA molecule was determined by measuring the length from its 
center (A) to one of the end hydroxyl groups (B) (Fig. S1). The A-B length was measured 
to be ~1.28 nm. Thus, the area of a single molecule of TA (ATA) is calculated as follows.1

ATA = [2 × (1.28 × 10-9 m)]2 = ~ 7×10-18 m2

Coverage of TA on GCE (one monolayer)

Surface area of GCE/ATA = 7 × 10-6 m2/ 7 × 10-18 m2

= ~1 × 1012 molecules/GCE

= ~1.66 × 10-12 moles/GCE

Coverage of TA on XC-72 (one monolayer)

ABET of XC-72/ATA = 130 m2/gC/7×10-18 m2

=1.86 × 1019 (~2 × 1019) molecules/gC

Coverage of TA on XC-72/GCE (one monolayer)

A carbon loading of 9.52 μg cm-2 was drop-dried on a GCE (0.07 cm2)

 0.67 μg XC-72 on the GCE and the ABET of XC-72 is approximately 130 m2 g-1

 Total surface area of XC-72 on the GCE (Ac) = 6.7 × 10-7 × 130 = 8.7 × 10-5 m2

Coverage of TA on XC-72/GCE (one monolayer):

Ac/ATA = 8.7 × 10-5 m2/7 × 10-18 m2

= ~1.24 × 1013 molecules/GCE

= ~2.06 × 10-11 moles/GCE
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Fig. S1 molecule structure of TA
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S-2. PtCl4
2- monolayer adsorption on TA i/C

The TA adsorption (TAad) on carbon (TA/C) was monitored by CV of TA/C/GCE 
in a 1.0 M KOH aqueous solution (KOHaq). As shown in Figure S2, CVs reveal broad TA 
oxidation waves from 0.85 V to 1.6 V vs. RHE assigned for the oxidation of TA to TA-
quinone through the 2e-/2H+ process.1 The integrated charges of these waves determine the 
amount of TAad. Based on an estimated effective radius of 1.28 nm for the TA molecule 
(Fig. S1), corresponding to the BET surface area (ABET) of XC-72 (130 m2/g), the TAad in 
one monolayer is estimated to be ~2 × 1019 molecules per gram of C. Saturated TAad on 
XC-72 (TAm/C) reached ~36 molecule layers. TAad sharply decreased from 36 molecule 
layers to only ~4 molecule layers (8.5 × 1019 molecules per gram of C) on TAi/C from 
TAm/C incubated in 1.0 M KOHaq (pH ~13) for 5 min. PtCl4

2-is a Ptc precursor adsorbed 
on TAi/C (PtCl4

2-/TAi/C) dispersed in neutral di-water. After PtCl4
2-/TAi/C precipitation 

was complete (~2 h), the reduction in absorbance on nm (ligand to metal charge 
transfer) in the UV-Vis spectrum of PtCl4

2- upper aqueous solution (Figure S3) determined 
the amount of PtCl4

2- on TAi/C (PtCl4
2-

ad). PtCl4
2-

ad on TAi/C is ~4.1 × 1019 ions per gram 
of C, which is lower than PtCl4

2-
ad on naked C (~1.6 × 1020 ions per gram of carbon). The 

atomic ratio of Pt to TA was ~2 for TAi/C. TA inhibits PtCl4
2- non-specifically physical 

adsorption on carbon. The H-bonding between PtCl4
2- and -OH of TA mainly controlled 

PtCl4
2-

ad on TAi/C.

Fig. S2 CVs of TAm/C/GCE, TAi/C/GCE, C/GCE, and GCE were recorded in 1.0 M 
KOHaq with a scan rate of 50 mV s-1. The inset is a 2e-/2H+ process for the oxidation of TA 
to TA-quinone.
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Fig. S3 UV-Vs absorption spectra (a) 200–300 nm recorded in various of [PtCl4
2-]. The 

inset is a calibration curve recorded as the absorbance onnm vs. [PtCl4
2-]; (b) Tracking 

reduction of absorbance on nm before and after PtCl4
2-/TAi/C precipitation in PtCl4

2--
containing aqueous solution.
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Fig. S4 HR-TEM images of (a) Ptc(250)/C, (c) Ptc(300)/C, and (e) Ptc(500)/C. (b)(d)(f) are 
corresponding HAADF-STEM images of (a)(c)(e).
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Fig. S5 (a) Low-magnification and (c) high-magnification HR-TEM images of Ptc formed on the 
MWCNT. (b)(d) are corresponding HAADF-STEM images of (a)(c).
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Fig. S6 (a) Low-magnification and (c) high-magnification HR-TEM images of Ptc formed on the 
SWCNT. (b)(d) are corresponding HAADF-STEM images of (a)(c).
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Fig. S7 (a) Low-magnification and (c) high-magnification HR-TEM images of Ptc formed on the 
graphene. (b)(d) are corresponding HAADF-STEM images of (a)(c).
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S-3 Electrochemical characterization of Ptc

The anodic charge (QPt) of the anodic stripping of Ptc from Pt/C@GCE was evaluated during 

anodic CV scanning (Figure 2b). The Ptc content was evaluated directly from QPt with the value 

of four electrons transferred per Pt atom. This result is consistent with the Pt amounts evaluated 

by ICP-MS and TGA. A combination of ECSACO and QPt was used to calculate the mean diameter 

of Ptc (DPtc) and the number of Ptc particles on the electrode (NPtc).27, 30 Assuming that the Ptc on 

the electrode is distributed uniformly and is spherical in shape, ECSACO and QPt can be calculated 

using equations (1) and (2), respectively.

(1)
ECSACO =

πDPtc
2

2
× NPtc                                       

(2)
QPt =

πDPtc
3ρPt

6MPt
× n × F × NPtc                                     

where n= 4 is the number of electrons transferred for the anodic stripping of Pt, F is the Faraday 

constant, Pt is the density of Pt (21.09 g cm-3), and MPt is the atomic mass of Pt. The QPt/ECSA 

ratio for the evaluation of the DPtc of Ptc is shown in equation (3). NPtc can then be obtained from 

DPtc.

(3)
    DPtc =

3MPt

4FρPt
×

QPt

ECSACO
                                             

We proposed the inter-particle distance (Dee) as a controlling parameter for the thermal stability 

and HER kinetics of Ptc(T)/C electrocatalysts. Dee represents the distance between two Ptcs 

affected by the control parameters (DPtc, ABET, and Pt loading). Thus, Dee translates the different 

control parameters into only one parameter (Dee) and allows the comparison of various Pt/C 

materials. We assumed that all the Ptcs exhibit a spherical shape for the calculation of Dee. The 

particles were monodispersed and homogenously distributed on the carbon support (Figure S8).
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Fig. S8 Evaluation of Dee (edge to edge distance between each Ptc):

Dcc (center to center distance between each Ptc) = (ABET/NPtc)0.5; Dee (edge to edge distance 

between each Ptc) = Dcc-DPtc=(ABET/NPtc)0.5-DPtc. (Note: NPtc is the number of Ptc and ABET is 

BET surface area of CS)

Fig. S9 DPtc and NPt/ABET of Ptc(T)/C vs. thermal treating temperature (red and blue parallel 
straight lines present DPtc and NPt/ABET of Pt20/C).
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XPS was used to investigate the elemental states of TA/C before and after the thermal treatment. 

In the C 1s spectra of TA/C (Figure S10), the TA characteristic peaks at 287.4, 284.1, and 283.2 

eV are attributed to C=O, C-O, and C-C (aromatic), respectively.2 The replacement of the C-C 

(graphite) by the C-C (aromatic) indicates TA well-modified the surface of C. After thermal 

treatments at 250 °C and 500 °C thermal treatments under Ar, the C=O and C-O peaks disappeared, 

but the C-C (aromatic) peak C signal was retained. The above results are consistent with the TGA 

data (Figure 4a) showing that the inner structure of TA is retained after thermal treatment above 

200 °C under inert gas. Additionally, Ptc did not significantly affect the C 1s spectra.

Fig. S10 High-resolution XPS C 1s spectra of Pt20/C, Ptc(500)/C, Ptc(250)/C, TA/C before and 
after (TA(250)/C) thermal treatment at 250oC, and XC-72 (C).
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Fig. S11 The FT-EXAFS fitting in R-space for (a) Pt foil and (b) PtO2. (inset: The spectra in k 

space).
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Fig. S12 The FT-EXAFS fitting in R-space for (a) Ptc(200), (b) Ptc(250), (c) Ptc(500), and (d) 

Ptc(250-500). (inset: The spectra in k space).
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Table S1 EXAFS fitting parameters at the Pt L3-edge for various samples
Sample shell Na Rb (Å) 2 c (Å2) Rf
Pt foil Pt-Pt 12 2.76 0.004 0.003
PtO2 Pt-O 6 2.02 0.002 0.024
Ptc(200) Pt-Pt 7.09 2.75 0.006 0.027

Pt-O 0.98 2.00 0.001 0.027
Ptc(250) Pt-Pt 6.65 2.75 0.006 0.034

Pt-O 1.17 2.00 0.003 0.034
Ptc(500) Pt-Pt 8.06 2.75 0.005 0.023

Pt-O 0.87 2.01 0.003 0.023
Ptc(250-500) Pt-Pt 6.95 2.75 0.006 0.032

Pt-O 1.09 2.00 0.007 0.032
aN: coordination number; bR: bond distance; c2: Debye–Waller factor; Rf: R-factor, is 
characterizing the goodness of fit. So

2 was fixed to 0.77 as determined from Pt foil fitting. 
Error bounds (accuracies) characterizing the structural parameters obtained by EXAFS 
data analysis are estimated to be as follows: N, ±20%; R, ±1%; and σ2, ±20%.
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Fig. S13 Long-term stabilities of Ptc(250): (a) HER chronopotentiometry curves at a series of 
current densities and (b) the HER chronoamperometry curve at 0.04 V vs. RHE in a 0.5 M H2SO4aq.

a

b
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Fig. S14 Comparison of (a) 10/Tafel slope and (b) imPt/TOF of Ptc(250)/C with commercial 20% 
Pt/C and other recently reported Pt containing SAC HER electrocatalysts.

a

b
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Table S2 HER performance of Ptc(250)/C and other reported Pt-based catalysts in acidic 
medium.

Catalyst η10
(mV)

Tafel slopes 
(mV dec-1)

TOF(η)
(s –1)

jmPt (η)
(A mg-1) Refs.

PtC(250) 37.4 30 108.8 (50mV) 107.7 (50mV) This work
PtC(250) 37.4 30 156.1 (60mV) 154.5 (60mV) This work
PtC(250) 37.4 30 196.4 (70mV) 194.4 (70mV) This work

Pt/SWNT-O3 N/A 107 N/A N/A S3
Pt-AC/DG-150 41 37.8 15.7 (50mV) 25.7 (70 mV) S4

Pt–MoO2/MWCNTs 60 43 11.5 (100mV) N/A S5
Ti/TNTs/PtO x 30 41.9 N/A 0.20 (30 mV) S6

PtNx/TiO2 67 34 38.0 (50mV) 37.5 (50 mV) S7
PtW6O24/C 22 29.8 33.4 (100mV) 20.2 (77 mV) S8

Ni@Pd-Pt NC 37 47 N/A N/A S9
Pt5/HMCS 20.7 28.3 8.8 (100mV) 12.8 (30 mV) S10
PtNC/S-C 11 24 N/A 26.1 (20 mV) S11
Pt-N-CNTs 198 34.79 0.265 (300mV) N/A S12

CPt@ZIF-67 50 27 2.94 (100mV) 0.87 (10 mV) S13
Pt/def-WO3@CFC 42 73 N/A 1.11 (70 mV) S14

Pt0.2-TiO2 
Nanowires N/A 35 N/A 1.18 (50 mV) S15

Pt-GT-1 15 24 7.22 (66mV) N/A S16
Pt1/NPC 25 28 2.93 (25mV) 2.86 (25 mV) S17

Pt-T/G-150 26.4 30 0.165(0mV) 6.84 (50 mV) S18
Pt-MoS2 N/A 44 N/A N/A S19

Mo2TiC2Tx–PtSA 30 30 N/A 8.3 (77 mV) S20
Pt1/OLC 38 36 40.8 (100mV) 7.4 (38 mV) S21

Pt/VG-SPEs 47 27 8.77 (100mV) 52.3 (100 mV) S22
PtRu @ RFCS 19.7 27.2 4.03 (100mV) N/A S23
Pt/np-Co0.85Se 58  26 3.93 (100mV) 13.6 (100 mV) S24

HCS-N-Pt 14.4 22 1.5 (70mV) N/A S25
Pt/Na4Ge9O20-PANI 33 52 N/A 3.0 (0 mV) S26

PtH-A2 68 30 N/A N/A S27
PtW NPs/C 19.4 27.8 N/A 0.6 (20 mV) S28

CNT/Pt@CdSe-
OCPs N/A 61.3 84.2 (100mV) 166.2 (150 mV) S29

Pt-Fe/N/C-40 51 48 N/A 1.54 (50 mV) S30
AL-Pt/Pd3Pb 13.8 18 N/A 7.83 (50 mV) S31

Pt/f-MWCNTs 43.9 30 0.921 (0mV) 18.2 (50 mV) S32
SA-Pt-decorated-

VS2
77 54.27 N/A 22.9 (200 mV) S33

Pt‐GDY2 N/A 46.6 N/A 23.6 (100 mV) S34
Pt/NiS@Al2O3 34 35 N/A N/A S35
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AC Pt-NG/C 42.03 31 0.093 (0mV) 6.51 (50 mV) S36
H-PtNiCu-AAT NPs 32 33 N/A 0.977 (90 mV) S37
3ZIF-67-Pt / RGO 14.3 12.5 N/A 0.193 (90 mV) S38

LP@PF N/A 21.3 N/A 12.4 (90 mV) S39
Pt1/NNGF 23 29.1 N/A 14.6 (50 mV) S40

Ni-MOF@Pt 43 30 N/A 0.126 (35 mV) S41
Pd43Ag21Pt36 9 19.6 N/A 1.78 (50 mV) S42

Pt-CQDs/MWCNT 35.3 34 N/A 4.89 (40 mV) S43
Pt SASs/AG 12 29.33 N/A 22 .4 (50 mV) S44

Pd/Cu‐Pt NRs 22.8 25 N/A 3.00 (50 mV) S45
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Fig. S15 The pore-size distributions of the XC‐72 Vulcan carbon  before (C) and after modification 
of TAi (TAi/C) were calculated with the BJH method based on the N2 adsorption isotherms.
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Fig. S16 The histogram presents the Pt particle size distributions of Ptc(250)/C, Ptcs formed on 
the naked C, and commercial Pt20/C shown in Fig. 1. 
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