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ABSTRACT

Platinum single-atom catalysts (PtSACs) on 3D support are emerging as new frontier in catalysis due
to their atom-economy, outstanding performance and the advantage to bridge the gap between
homogeneous and heterogeneous catalysis. Here we report on a simple, single-step electrochemical
grafting attachment of a metal-selective ligand, 2,6:2°,2”-terpyridine, and the synthesis of platinum
single-atom electrocatalyst via metal uptake from aqueous salt solution. At an ultra-low loading of
0.26 + 0.02 ugecm™ of platinum, the single atom catalysts supported on porous 3D carbon cloth
electrode via chemical bonding revealed the highest reported mass activity of 77.1 A«gp’ at 1 = 50
mV/RHE compared to the commercial catalyst 20 % Pt/C. The electro-grafted terpyridine ligand can
also act as an effective scavenger for leached platinum from the counter electrode during extended
operational hours. The method to make the PtSAC is facile, non-hazardous and versatile without
involving any elaborative pre- and/or post-treatment steps and, the value of the added platinum to the

ligand is only 0.1 US$.m™.
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INTRODUCTION

Hydrogen is considered the most promising and competitive energy carrier, as it is clean,
renewable and available in abundance. With an energy density of 120-140 MJ/kg being three times
higher than the same amount of energy gasoline can provide and the possibility to feed hydrogen gas
into the existing infrastructures, the transition from fossil based fuels to the hydrogen economy has
started."” Undoubtedly, when combined with renewable energy sources such as wind and solar power,
hydrogen has enormous potential to become one of the main alternative energy carrier to push toward
zero greenhouse gas emissions in the near future.’” At present, steam reforming of methanol and
ethanol is the main process in hydrogen production. However, the product of the steam reforming is
not only hydrogen and water; leaving inevitably the carbon dioxide footprint behind, the question
remains as to whether steam-reforming of hydrocarbons can still be defined as “clean”. Moreover, the
steam reforming process requires high temperature and separation methods making hydrogen as
energy carrier also less profitable.*® In contrast, hydrogen production by means of electrocatalytic
water splitting is a completely clean method with lower costs and profitable oxygen by-product,
which has great potential to produce molecular hydrogen on large scales.”'” In electrocatalytic water
splitting, platinum based catalysts are used both as cathode and anode due to the high activity of the

113 With its scarcity in the earth’s crust (less than 1 ug-kg'l

platinum metal at low overpotentials.
availability) and the indispensable applications in catalysis, electronics, jewellery and anti-cancer
drugs platinum has inevitably become the most expensive and strategic commodity for the industry

nations.'* Hence, to meet the growing demand and to create higher commercial value, it is of great

importance to make every single atom count in electrocatalysis.
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Recently, the use of single-atom catalysts on solid supports have emerged as new frontier in
electrocatalysis due to the atom-economy, where every single atom is involved in the catalytic
process. Single-atom catalysts embedded in rationally designed coordination environments and
immobilized on stable supports provide the unique advantage to bridge the gap between homogenous
and heterogeneous catalysis and keeping the amount of scarce metals at minimum. The synthetic tools

15-18

to make such single atoms catalysts using Pt include multi-stage wet-chemical synthesis, atomic

12,19,20 21-23

layer deposition, electrochemical deposition and other elaborative methods.**

A more elegant method to provide a well-defined coordination environment for stable single-
atom catalysts is the electrochemical grafting method. In attaching diazonium-substituted ligands onto
graphitic and metallic surfaces via strong co-valent chemical bond the grafting method has proven as
a powerful tool to address interfacial chemistry.”**>*’

Herein, we report on a simple single-step-electrochemical grafting technique to make stable
Pt single-atom catalysts (PtSAC) embedded in a strong coordination environmental for platinum
group metals. The coordination environment is provided by the 2,6:2°,2”-terpyridine pincer type
ligand®® " that allows tailored mass loading by uptake of Pt*" from commercially available platinum
salts in aqueous solution. Furthermore, the electro-grafted terpyridine ligand on the 3-dimensional
carbon cloth electrode serves as highly efficient metal scavenger for recovering leached platinum
from the counter electrode (Fig. 1). Platinum leaching from the counter electrodes during long-term
operation in acidic media has been in focus of recent studies questioning the reliability of Pt as
counter electrode in membrane-less electrolysers.” > Significant loss of the noble metal stemming

from the counter electrode is observed in the electrolyte.**°

In this study, leached platinum atoms are
scavenged by the terpyridine ligand and utilized in-situ as additional single-atom catalysts improving

the catalysts performance as the hydrogen evolution reaction progresses.
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Figure 1: Hydrogen production on Pt single atoms embedded in terpyridine coordination environment electro-
grafted onto the carbon cloth (WE) fibre. The electro-grafted ligand acts also as vacancy for leached Pt ions

from the counter electrode (CE).

The preparation of the electrocatalyst from commercially available products is non-
hazardous, versatile and does not require any elaborative and expensive pre- and/or post-treatment. To
the best of our knowledge, this is first report on single-step electro-grafting method to chemically bind
2,6:2°,2”-terpyridine directly onto 3D carbon support and fabrication of single-atom catalysts by

simple metal uptake from commercially available metal salts.

EXPERIMENTAL

Materials and methods. Sulfuric acid (98%, Scharlau), hydrochloric acid (Sigma Aldrich,
analytical grade) and potassium hydroxide (Scharlau, Spain) were diluted with MilliQ water (TOC 1.8
ppm, 18.2 QMcm@?25°C) to the required molarities in 100 mL volumetric flasks. Sodium nitride,
NaNO,, and potassium tetrachloroplatinate, K,[PtCly], were purchased from Sigma Aldrich and used
without further purification. 4’-Amino-2,2:6’,2’-terpyridine was purchased from Shanghai UCHEM

Inc. (Shanghai, China) and used without further purification.
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Carbon cloth (Plain Carbon Cloth 1071, SKU 591342-1) and 0.03 mg/cm? 20% Platinum on
Vulcan — Cloth (W1S1009) were purchased from FuelCellStore (Fuel Cell Etc, USA) and cut into 1 x
5 cm’ pieces to obtain the carbon cloth (CC) and 20% 0.03 mg Pt/C electrodes.

XPS was applied using Mg Ka radiation to determine the elemental composition and the chemical
states of all components. Under the condition chosen, XPS has a probing depth of less than 10 nm,
depending on the electron mean free path.”” The apparatus was built by SPECS (Berlin, Germany)
with a non-monochromatic X-ray source and has and a base pressure of a few 10™'° mbar with the
details described in.”® The angle between the X-ray source and the analyser is 54.7 °. At a pass energy
of 10 eV the FWHM of the Ag 3ds, peak is < 1 eV. The uncertainty of the peak positions is typically
0.2 eV. High-resolution scans were recorded at a step size of 0.1 eV for C, O, N and Pt at a pass
energy of 10 eV. The acquired spectra were calibrated by setting the C 1s peak of C-C sp’ carbon to
285.0eV.

Data analysis was performed with CasaXPS software (Casa Software Ltd.) and selected graphs were
plotted with the Qti Plot software.

Raman spectra were acquired using a Witec alpha300R Raman microscope at an excitation
laser wavelength of 532 nm with a 40X objective (numerical aperture 0.60). Typical integration times
for single Raman spectra were 5 to 15 s and averaged from 2 to 3 repetitions. 10 to 15 spectra were
acquired per sample with spectra analysed using Witec project 4.1.

Thermogravimetric analysis (TGA) measurements were performed on PerkinElmer TGA
8000, with the temperature range of 30 - 1000 °C under nitrogen gas protection, and the heating ramp
of 10 °Cemin™". All samples were dried in a vacuum oven at RT prior to the measurements.

Electrochemical data were recorded on an AUTOLAB potentiostat (Metrohm, Switzerland) in
0.5 M HCI for the electro-grafting step and 0.5 M H,SO, for electrocatalytic studies using modified
carbon cloth as working electrode (WE), a platinum wire or graphite rod as counter electrode (CE)
and Ag|lAgCl (1M KCI) as reference electrode. Recorded potentials were converted into reversible

hydrogen electrode (RHE) as reported elsewhere.”

5
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Inductively coupled plasma optical emission spectroscopy (ICP-OES) was conducted on a
Perkin Elmer Optima 800 instrument using standard calibration between 10 and 500 ppb Pt*"

Electro-grafting of the terpyridine ligand onto the plain CC electrode, terpy@CC. In a 20
mL electrochemical cell, 16.8 mg (0.068 mmol) of 4’-amino-2,2’:6’,2”’-terpyridine and 37.4 mg (0.44
mmol) of sodium nitrate were dissolved in 10 mL of 0.5 M HCI solution and purged with N, for 15
minutes. Then, 10 consecutive cyclic voltammetry scans were applied at 10 mVs™ between 0.2 and -
1.0 volts using the plain carbon cloth (I x 5 cm) as working, Pt wire as counter and Ag|AgCl (1M
KCl) as reference electrode. After the grafting step was finished, the submerged (grafted) surface area
of CC was measured and the obtained Terpy@CC electrode was stored in a 0.1 M KOH solution for
at least 30 minutes, then washed with MilliQ water, then EtOH and dried in the vacuum oven
overnight.

P uptake by the terpy@CC electrode. The terpy@CC electrodes were cut to small pieces
(typically 2 cm x 1 cm) and submerged in dark inside a closed vial containing 20 mL aqueous
K,[PtCl4] solution with an available concentration of 0.5 ppm Pt*" for 2 h at room temperature (RT).
The MilliQ water was purged for at least 30 min with N, prior to dissolving the platinum salt. After 2
h uptake, the closed vial was gently shaken and 18 mL of the Pt*" solution was analysed by ICP OES.
To validate the Pt*" uptake by terpy@CC, two control experiments were conducted with pure CC
electrodes and no absorbent added to the 0.5 ppm Pt*". In total, four uptake experiments were
conducted, and the remaining Pt*" solutions after uptake were analysed by ICP OES. Whereas no
concentration difference between both control samples was detected by ICP OES, the concentration

difference after uptake by the terpy@CC electrode was calculated to be 0.26 = 0.02 ugecm™.

RESULTS AND DISCUSSION
Synthesis and performance of the Pt single-atom catalysts in HER
Terpyridine is a versatile ligand in coordination chemistry, it is well-known for its strong

binding character to noble metals and has a widespread applications in molecular architectures.***

6
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The plain carbon cloth (CC) has high electrical conductivity and is an ideal support material for self-

supported electrocatalysts.***

The flexible 3-dimonsional woven structure that provides relatively
large specific surface area can accommodate a high number of grafted ligands via covalent bonds,
enabling the combination of single-atom chemistry with 3D supported catalysis. To make the stable 3-
dimenisional and metal-chelating electrode, the terpyridine ligand was electro-grafted onto the carbon
cloth electrode under cathodic reduction in 0.5 M HCI solution using cyclic voltammetry. 4-
Diazonium-2,2’:6,2”-terpyridine was generated in-situ with sodium nitrite in 0.5 M HCl and subjected

to electrochemical grafting (see Experimental and Scheme 1a).”"*%*

As shown in Fig 2a, a strong
reduction event appears at -0.68 V vs. RHE during cathodic cycling in 0.5 M HCI electrolyte solution.
The strong reduction event originates from the homolytic cleavage of C-N," bond creating a
terpyridine radical that immediately reacts with the carbon surface (Scheme 1b). Within the
subsequent numbers of cathodic sweeps, the intensity of observed reduction peak decreases rapidly, a

typical indication for surface saturation with electro-grafted ligands.”™'

The rapid decrease in the
reduction peak and the absence of additional reduction events during progressing cyclic voltammetry
sweeps is indicative for single layer grafted terpyridine ligands. Note that, from one single ligand
solution a series of terpyridine-grafted CC electrodes could be prepared highlighting the advantage of
the electrochemical grafting method. Thermogravimetric analysis shows the ligand being stable on the
carbon cloth surface up to 300°C (terpy@CC, Fig. 2b) and XPS surface analysis of the electro-grafted

carbon cloth electrode detected high content (up to 10%) of nitrogen on the surface, which is

attributed to the ligand (vide infra).
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2) Ky[PtCl,]

PtSAC@CC

Scheme 1: (a) In-situ preparation of 4-diazonium 2,2:6,2”-terpyridine in 0.5 M HCI electrolyte solution using
sodium nitrite as oxidant and, (b) subsequent electrochemical grafting of the terpyridine ligand onto the 3-
dimenisonal carbon cloth at -0.68 V vs. RHE. The synthesis of the platinum single-atom electrocatalyst, PtSAC,

is achieved by metal uptake from aqueous K,[PtCly] solution.

To make the single-atom Pt electrocatalyst (PtSAC@CC-0.5), the terpy-grafted CC electrode,
terpy@CC, was submerged in aqueous potassium tetrachloroplatinate solution (0.5 ppm Pt*") for 2 h
at RT. In our studies, we found that increased temperature, exposure to light and presence of
dissolved oxygen caused formation of Pt deposition on the non-grafted CC electrode itself. Hence, to
avoid deposition of nano-particulate platinum on the CC surface, the Pt" uptake was conducted under
N, protection and in the dark. Under these conditions, repeated uptake experiments from 0.5 ppm Pt*
ions revealed mass loadings of 0.26 + 0.02 ugecm™ of platinum on the terpy@CC electrodes,

whereas no Pt uptake from pure CC could be detected by ICP OES.
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Figure 2: Recorded cyclic voltammogram of electro-grafting 4-amino terpyridine onto the carbon electrode in
0.5 M HCI electrolyte solution. (b) TGA thermogram of the electro-grafted ligand (terpy@CC) compared to the
blank support carbon cloth (CC). (c) Linear sweep voltammogram of the Pt single-atom catalyst (PtSAC@CC-
0.5) compared to the free ligand terpy@CC (red), commercial catalyst 0.03 mg 20% Pt/C@CC (green) and the
Pt wire (grey); inset shows the calculated Tafel slopes with their respective colour scheme. (d) Calculated mass
activity of the catalysts as function of applied potential vs. RHE in their respective colour; inset shows

comparative mass activity at the overpotential of 200 mV.

The HER activity of the single-atom Pt catalyst, PtSAC@CC-0.5, was studied in 0.5 M
H,SO,4 solution using a Pt wire and AglAgCl (1 M KCl) as counter and reference electrode,
respectively. For comparisons, commercially available benchmark catalyst on carbon cloth, 20% 0.03
mg Pt/C, a platinum wire and the free ligand electro-grafted onto the CC electrode were tested under
the same conditions. For a better accuracy of the performance data and to avoid potential metal
leaching from the Pt counter electrode and re-deposition onto the working electrode in acidic media,

only 10 cyclic voltammetry sweeps at 10 mV-s™" were applied. Figure 2c shows the last forward

9
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sweep of the recorded cyclic voltammograms, each. It appears that the single atom catalyst slightly
outperforms the commercially available benchmark catalyst, 20% 0.03 mg Pt/C, when normalised to
the geometric surface area. To generate 10 mA.cm™, PtSAC@CC-0.5 requires 210 mV vs. RHE,
which is 59 mV lower than Pt/C. The Tafel slopes were calculated in the low overpotential range of

40-110 mV to be 61, 37 and 36 mV-dec™ for the PtSAC@CC-0.5, Pt/C and the Pt wire, respectively.

Table 1: Calculated mass activity ratios of the PtSAC and 20% Pt/C studied in this work and compared to the

activity ratios of Pt single-atom catalysts reported in literature.

Overpotential Mass activity ratio between studied catalyst and 20% Pt/C
n (V/RHE) This work Literature
50 mV 77.1 74.4%% 40°, 37.4%, 43"
100 mV 51.3 47.56>,26.9% 6.1
200 mV 37.8 6.3%

To compare the activity with reported platinum single-atom catalysts the linear sweep
voltammograms in Fig. 2c were converted into the mass activities (Fig. 2d). Here, our PtSAC@CC-
0.5 outperforms by far the Pt wire and the commercial catalysts Pt/C making literally every single
atom count in the hydrogen evolution reaction. When normalised to the mass loading of Pt/C, the
ultra-low loading of 0.26 + 0.02 ugecm™ platinum places the single-atom catalyst, PtSSAC@CC-0.5
in an highly competitive position. As summarized in Table 1, the PtSAC@CC-0.5 self-supported on
the 3D carbon cloth electrode is slightly better than the highest reported mass activities at

overpotentials of 50, 100 and 200 mV, respectively.

10
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Figure 3: (a) Fitted N1s and (b) Pt4f core level spectra of the electro-grafted terpyridine onto carbon cloth
(terpy@CC), ultra-low platinum-loaded single atom catalyst (PtSAC@CC-0.5) and Pt-loaded carbon cloth after
24 h chronoamperometric (Pt@CC-c); the ultra-low loading of the electro-grafted terpy@CC electrode was
carried out from 0.5 ppm Pt*" ion solution and the Pt-loading onto CC electrode stems from Pt leaching from the
CE and re-deposition onto the WE; (¢) Chronoamperometric HER at 10 mA-cm™ for 24 h on PtSAC@CC-0.5
and CC electrode. Due to the Pt leaching and re-deposition onto the working electrodes, both electrodes became
PtSAC@CC-c and Pt@CC-c; (d) Overlapped D and G Raman bands of CC, Pt@CC, terpy@CC and

PtSAC@CC-0.5.

Surface analysis by X-ray photoelectron spectroscopy (XPS) was carried out to investigate
the valence state of the metal in PtSAC@CC-0.5 and to understand the participation of the
coordination environment in the electro-grafted terpyridine ligand. The fitted N(1s) and Pt(4f) core
level spectra are shown in Fig. 3 and summarized in Table 2. Electro-grafted CC showed under XPS
more than 10% nitrogen with the Nls core level spectrum fitted to a main peak at 400 eV
accompanied by a peak at 402.3 eV (Fig. 3a). The first peak is assigned to the pyridine structure while
the second peak originates from ammonium-N after electro-grafting the ligand under acidic conditions
(see mechanism in Scheme 1).°° After Pt uptake from 0.5 ppm Pt*" ions, both N peaks were shifted

toward lower binding energies (BE) where the =N-H" peak featuring a significant shift to lower

11
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binding energies (ABE -1.0 eV). The XPS core level spectra of platinum exhibit two asymmetric
components in the Pt4f region (Pt4fs, and Pt4f;,) and are separated by 3.33 eV as expected for Pt.
Leached platinum that only originates from the counter electrode during 24 hours
chronoamperometric water splitting and re-deposited onto the WE (Pt@CC-c, Fig. 3b, top panel)
exhibits only zero-valent platinum (Pt’), whereas the terpyridine-grafted electrode pre-loaded with
Pt*" ions from 0.5 ppm solution shows trace amounts Pt*" at 73.8 eV as oxide under XPS (see Fig. 3b
bottom panel and Table 2).>**" The binding energy of the first component is 71.5 eV assigned to
metallic Pt.*® The binding energy of the second component is at 73.9 eV and assigned to Pt*" as part of
PtCl, or PtO bound into the terpyridine units. Although 10 linear sweeps were applied to

PtSAC@CC-0.5, XPS analysis of the electrode showed no indication of reduced platinum.

Table 2: Fitted XPS core level data in Pt4f, their atomic composition and ratios as well as the Raman D/G ratios

of studied electrodes.

Electrode % C %0 %N % Pt N/Pt Pt’ Pt* D/G
CcC 95.06  4.94 0 0 - - - L 1.28
Pt@CC—c 96.15  3.67 0.19 - 715 114
Terpy@CC 7841 1117 1071 - - . - EWE;
PISAC@CC-05 7605 1162 1227 003 409 | 739107
PISAC@CC-0.5c 7283 1438 11.09 146 7.6 | 714 739

PtSAC@CC-165 66.85 18.85 9.50 2.81 3.38 72.0 73.7

After chronoamperometric water splitting at PtSAC-0.5 (Fig. 3c), XPS detected a mixture of
zero- and bi-valent platinum on the electrode, where Pt’ is major valence state (PtSAC@CC-0.5¢ in
Fig. 4b). In stark contrast to the ligand-free CC electrode, much stronger deposition onto the terpy-
grafted WE was detected by XPS. The Pt content increased from 0.03% to 1.46% after 24 h operation,
whereas the increase of Pt content on ligand-free CC was only by 0.19%. This observation is also

indicated by the steep decrease of the overpotential at the PtSAC-0.5¢ electrode during the

12
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chronoamperometric water splitting (see Fig. 3c) suggesting that leached Pt from the counter

electrode is immediately bound into chelating interface of the working electrode.
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Figure 4: Fitted (a) N1s and (b) Pt4f core level spectra of the ultra-low platinum-loaded single atom catalyst
(PtSAC@CC-0.5¢) after 24 h chronoamperometry (top panels) and after uptake of Pt*" from 165 ppm Pt ion

solution (bottom panels).

When using graphite rod as counter electrode in a separate chronoamperometric HER
experiment on PtSAC-0.5, XPS detected Pt*" as only valence state with no loss of metal after 3 h of
operation suggesting that presence of the Pt’ in the previous experiment (PtSAC-0.5¢) was largely
contributed by leached metal from the Pt CE (Fig. S1, Supporting Information). Using again Pt as CE
in further control experiments with 8 hours chronoamperometric HER on the PtSAC@CC-0.5 and CC
electrodes showed 240-260 ppb Pt being leached into the electrolyte solution, when the electrolytes
were analysed by ICP OES. It was also found that re-deposited Pt onto CC in both valence states Pt’

and Pt*" was removed by more than 71% when the working electrode was sonicated for 40 minutes in
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pure H,O and then subjected to surface analysis by XPS (see Fig. 5b). In contrast, bound Pt*" into the
terpy@CC electrode was not removed from the chelating pockets after the same time of sonication
(Fig. 5a). Again, this method clearly highlights the main advantage of the terpyridine ligand on CC

support as it acts as efficient scavenger for leached platinum.
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Figure 5: (a) Fitted Pt4f core level spectra of the ultra-low platinum-loaded single atom catalyst (PtSAC@CC-

0.5) after 8 h chronoamperometry (top panels) and after 40 min sonication (bottom panel) using the Pt wire as

CE; (b) Fitted Pt4f core level spectra of leached Pt and deposited onto CC after 8 h chronoamperometry (top

panels) and after 40 min sonication (bottom panel) using the Pt wire as CE.

As shown in Fig. 4a (top panel), three components were fitted to the N1s core level spectrum

of PtSAC@CC-0.5¢, that is assigned to the nitrogen in the free ligand (orange) and the N-donors

bound to Pt’ (grey) and pt** (blue), respectively. Although significant amounts of Pt were leached and

bound to the terpy@CC interface, only less than a half of the available ligands were occupied by Pt

(N/Pt ratio of 7.6 in Table 2). A nearly full saturation with Pt was found in uptake experiments within

14



287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

2 hours, when the concentration of the available Pt ions was increased to 165 ppm (N/Pt ratio of 3.38
in PtSAC@CC-165, Table 2). Notably, the fitted components in Pt4f core level data revealed high
amounts of zero-valent platinum in PtSAC@CC-165, although the uptake was from Pt*" ions. In line
with the reported studies in the literature, it appears to be difficult to obtain either one of the valence
Pt°, Pt*" or Pt'" at higher metal loadings.” Of particular note is also the observed Ip/I; ratio in the
Raman spectra (Fig. 3d). The intensity and positions of Raman peaks can provide important
structural information for the carbon samples. The G peak between 1560 to 1600 cm-! is
associated with a vibrational mode of sp2-hybridized graphene planes. The D peak at 1300 to
1400 cm-1is the band associated with defects. The ratio of D band to G band peak intensities,
Ip/I¢, has been used to probe the level of disorder of carbon materials.52 Non-grafted CC displays
the highest ratio between the D- and G-band indicative for highest defects of the carbon surface in this
series. As the surface is manipulated further, more symmetry is induced as indicated in the decay of
the Ip/Ig ratio that approaches a ratio of 1/1. This tendency has also been observed in similar catalysts
systems and explained by coverage of the defects after manipulating the carbon fibre surface (Table

2).52

CONCLUSIONS

Functionalisation of the 3D carbon cloth surface with well-defined coordination environment
by simple electrochemical grafting methods enables to access ultra-low loaded and high performing
single atom catalysts for electrocatalytic applications. In this study, using the terpyridine ligand as
strong chelator for noble metals, platinum single-atom catalysts were made in two simple steps
without involving elaborative synthetic methods. The obtained PtSAC@CC-0.5 revealed the lowest
reported mass loading of 0.26 = 0.02 ugecm™ and the highest reported mass activity ratio of 77.1
Aegp' at = 50 mV/RHE in the electrocatalytic hydrogen production compared to the benchmark

catalyst Pt/C. This method provides dual benefit for the scarcity of the noble metals. In pushing the Pt
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value down to 0.1 US$em™ compared to 2.30 US$em™ for 20% 0.03 mg Pt/C (see Supporting
Information) it makes literally every single atom count in electrocatalysis and recovers leached metal

from counter electrodes at the same time.
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ABBREVIATIONS

CC — Carbon cloth electrode.

terpy — Terpyridine ligand

terpy@CC — terpyridine ligand electro-grafted onto the CC surface
PtSAC — Platinum single-atom catalyst.

PtSAC@CC — Platinum single-atom catalyst bound into terpy@CC.
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339  PtSAC@CC-0.5 — PtSAC@CC obtained from 0.5 ppm Pt*" solution.

340 PtSAC@CC-0.5¢c — PtSAC@CC obtained from 0.5 ppm Pt** solution and after chronoamperometric
341 HER.

342  PtSAC@CC-165 — PtSAC@CC obtained from 165 ppm Pt*" solution.

343 Pt@CC-c — leached platinum from Pt CE and re-deposited onto the CC working electrode after
344  chronoamperometric HER.
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Calculating the value of Pt used in platinum single-atom catalysts on 3D carbon cloth electrode:
* Pt share price per ounce on 05.07.2021: 1107.1 US$/ounce, which is 35.59 US$/g.
* Catalyst loading in PtSAC@CC-0.5: 0.26 ugecm=2 = 2.6+10” gecm2
 Ptloading in PtSAC@CC-0.5 on one square meter carbon cloth: 2.6+10° gem2
Ptprice on one square meter carbon cloth: 2.6¢10° gem-2 * 35.59 US$/g = 0.10 US$+m2
s For 20% 0.03 mgecm2 Pt/C the Pt loading is: 6¢10° gecm?2, which amounts to 2.13

US$+em-2
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Figure S 1: Fitted (a) N1s and (b) Pt4f core level spectra of PtSAC-0.5 after 3 h chronoamperometric hydrogen

evolution reaction at 10 mAecm-2in 0.5 M H2S04 using a graphite rod as counter electrode.
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Figure S 2: Fitted N1s core level spectra of PtSAC-0.5 after 8 h chronoamperometric hydrogen evolution reaction at

10 mAecm-2in 0.5 M H2S04 using a Pt wire as counter electrode before (a) and after (b) sonication for 4 minutes.
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