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Abstract: Single-atom catalysts (SACs) have exhibited high
activities for the hydrogen evolution reaction (HER) electro-
catalysis in acidic or alkaline media, when they are used with
binders on cathodes. However, to date, no SACs have been
reported for the HER electrocatalysis in neutral media. We
demonstrate a potential-cycling method to synthesize a catalyst
comprising single Pt atoms on CoP-based nanotube arrays
supported by a Ni foam, termed PtSA-NT-NF. This binder-free
catalyst is centimeter-scale and scalable. It is directly used as
HER cathodes, whose performances at low and high current
densities in phosphate buffer solutions (pH 7.2) are compara-
ble to and better than, respectively, those of commercial Pt/C.
The Pt mass activity of PtSA-NT-NF is 4 times of that of Pt/C,
and its electrocatalytic stability is also better than that of Pt/C.
This work provides a large-scale production strategy for
binder-free Pt SAC electrodes for efficient HER in neutral
media.

Single-atom catalysts (SACs) have recently attracted much
attention,!! owing to their maximum usage of metal atoms
and great potential to achieve high activities for catalyzing the
CO oxidation,”?! water-gas shift,*** oxidation of benzene,"
oxygen reduction reaction,® carbon dioxide reduction,”
triiodide reduction,® oxygen evolution reaction,”” and hydro-
gen evolution reaction (HER)."*"1 Among these reactions,
the electrocatalytic HER"™ is one of the green and
sustainable approaches to generate molecular hydrogen
(H,), a clean energy carrier. Thus, a variety of synthetic
approaches, such as chemical vapor deposition,'*!l atomic
layer deposition,l?! pyrolysis!'*1* and wet chemistry meth-
0d,®*<l have been developed to fabricate SACs including
single Ni atoms on graphene (NiSA-graphene),”*! PtSA-
graphene,” NiSA-carbon,'! CoSA-graphene,'* Pt/Co/
NiSA-MoS,"** and PtSA-TiWC.["* These catalysts exhibited
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breakthrough performances for the HER electrocatalysis in
acidic or alkaline media, when they were applied with binders
on cathodes.!"'*%'>13 However, up to now, no SACs have been
reported for the HER electrocatalysis in neutral media.

Commercial Pt/C catalysts consisting of Pt nanoparticles
on carbon have been recognized to be the most effective
benchmark for the HER electrocatalysis in neutral media.l'*!
If Pt SACs are realized for this field, higher activities should
be achieved, because of their higher mass utilization and the
positive modulation of their electronic structures by substra-
tes.1213< Tt has been reported that Pt atoms can be
dissolved from Pt anodes into acid or alkaline media at high
voltages and then transferred onto cathodes.!™!*!

Motivated by the above breakthroughs, we develop
a potential-cycling method with a three-electrode cell con-
taining phosphate buffer solution (PBS) to synthesize a cata-
lyst that comprises large-area Pt SACs on CoP-based nano-
tube (NT) arrays supported by a Ni foam (NF), termed PtSA-
NT-NF. This catalyst has centimeter-scale dimensions, which
are scalable. Each PtSA-NT-NF piece can be directly used as
an electrocatalytic HER cathode, in which no binders are
needed. In PBS, PtSA-NT-NF exhibits an ultralow over-
potential (1) of 24 mV for the HER current density (jgr) of
10 mAcm™, only 7 mV larger than that of commercial Pt/C.
More importantly, PtSA-NT-NF shows multiple perform-
ances better than Pt/C: at jpg > 43 mAcm 2, its # values are
prominently smaller and thus better than those of Pt/C; its Pt
mass activity at 7 =50 mV is 70 Ag ', four-times of that of Pt/
C; its Tafel slope is only 30 mV dec ™', as good as that of Pt/C
(31 mVdec ); its high activity was maintained for 24 h in the
chronoamperometric test, also more stable than that of Pt/C.
These results may help accelerate the large-scale binder-free
application of Pt SACs and efficient HER.

Figure 1a displays the process to synthesize PtSA-NT-NF.
Briefly, in a three-electrode cell containing 1M PBS (pH 7.2),
the CE, RE, and WE are a Pt foil, a saturated calomel
electrode (SCE), and a NF with CoP-based nanorod/nano-
sheet arrays on its surface (which is a precursor sample,
denoted as S1; see the Experimental Section and Figure S1 in
the Supporting Information for details), respectively. In the
cell, potential cycling was performed with the scan rate of
150 mVs~' between —1.5 and —0.668 V vs. SCE at 25°C (all
other potential values in this work are vs. reversible hydrogen
electrode, RHE). Figure 1b gives the HER polarization
curves of S1 after 0, 2500, 5000, 7500, and 10000 potential
cycles were performed. The first three curves are remarkably
different from each other, indicating that the HER electro-
catalytic performance of S1 and thus its structure changed
during the first 5000 cycles. After the 5000 cycles, the chang-
ing trend faded, suggesting that the structure of S1 became
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Figure 1. a) Schematic diagram of the synthesis process. CE counter
electrode, RE reference electrode, WE working electrode. The CE is Pt.
b) HER polarization curves of the ST precursor sample after different
numbers of potential cycles were performed on it. The curves were
taken with 5 mVs™" in N,-saturated 1 m PBS at 25°C. c) Dependence
of the overpotential of S1 on the cycle number.

stable. Figure 1c¢ shows the dependence of # driving jupr =
10mAcm 2 on the cycle number. The 7 values at jypgr =
10 mAcm 2 have been widely used to evaluate the HER
electrocatalytic performance, with smaller values indicating
higher HER activities.'”? Thus, Figure 1c indicates that the
potential cycling promoted the HER activity of S1 up to
5000 cycles. Therefore, we used the 5000 potential cycles to
transform each precursor sample into a desired one, which
was later found to be PtSA-NT-NF.

Figure 2a—c shows the optical, scanning electron micro-
scopic (SEM), and transmission electron microscopic (TEM)
images of a piece of sample after the 5000 potential cycles.
This sample has centimeter-scale dimensions and contains an
array of NTs standing on a NF. The centimeter-scale
dimensions are determined by the sizes of the three-electrode
cell and the autoclave for producing the precursors, and thus
are scalable. The NTs have diameters of around 140 nm and
wall thicknesses of around 20 nm. The energy dispersive X-
ray spectroscopic (EDS) result in Figure2d shows the
presence of Pt in the NTs (see Figure S2 for the EDS maps
of Co, Mn, O, P, and Ni), and the Pt weight percentage is
1.6%. AR HAADF imaging performed by aberration-
corrected scanning TEM (STEM) indicates that a plenty of
single Pt atoms are well dispersed on the NTs (Figures 2 e and
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Figure 2. a),b) Optical and SEM images of a piece of PtSA-NT-NF.

c) TEM image of a NT from the piece of PtSA-NT-NF. d) EDS map of
Pt in a NT. The inset is the corresponding high-angle annular dark
field (HAADF) image scale bar: 20 nm. e) Atomic-resolution (AR)
HAADF image of the NT in (d) (Pt atoms ringed in red; more AR
images are in Figure S3). f) Electron diffraction pattern of NTs.

Figure S3), similar to those reported,!”*<!213181 and no Pt
crystal grains/particles are found. Further, the electron
diffraction pattern in Figure 2 f demonstrates that the NTs
contain the crystal grains of Ni(OH),, CoP and Co,P, but no
diffraction spots from Pt crystals are present, according to the
standard crystallographic data of Joint Committee on Powder
Diffraction Standards. This result is consistent with the X-ray
diffraction (XRD) pattern of a centimeter-scale piece of
PtSA-NT-NF (Figure 3 a), which contains the signals of not Pt
but Ni(OH),, CoP, and Co,P crystal grains. Moreover, as
shown in Figure 3 b, the X-ray photoelectron spectrum (XPS)
of commercial Pt/C containing Pt nanoparticles displays two
Pt4f peaks at 71.6 and 749eV, indicative of Pt°
(Refs [4b,13¢,19]). In contrast, the two Pt4f peaks of
a centimeter-scale piece of PtSA-NT-NF are located at 72.3
and 75.6eV, which are characteristic of Pt*"
(Refs. [4b,13c,19]). The lack of a detectable Pt signal implies
that not Pt crystal grains but only single Pt atoms exist in
PtSA-NT-NF, conforming to the absence of Pt crystal grain
signals in the XRD and the electron diffraction patterns. The
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Figure 3. a) XRD pattern of PtSA-NT-NF (red) and the standard one of
Pt (black). b) XPS spectra of PtSA-NT-NF and commercial 20 wt% Pt/
C.

2+ valence of Pt*" originates from the interaction between
single Pt atoms and substrates.['*

Because single Pt atoms in each piece of PtSA-NT-NF are
distributed on NTs supported by a large NF, each PtSA-NT-
NF piece with the single atoms can be directly used as an
HER cathode, and no binders are needed. Figure 4 a gives the
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HER polarization curves of commercial Pt/C, a PtSA-NT-NF
sample, a pure NF and a NF with CoP-based NT arrays and
without single Pt atoms (termed NT-NF), whose synthesis is
similar to that of PtSA-NT-NF (see details in the Experi-
mental Section in the Supporting Information). The NTs in
NT-NF are nearly identical to those in PtSA-NT-NF (Fig-
ure S4). According to Figure 4a, the 7 values at jygr=
10 mAcm™ are 337 mV for NF, 46 mV for NT-NF, 24 mV
for PtSA-NT-NF, and 17 mV for Pt/C, indicating that the
single Pt atoms contribute much to the HER performance of
PtSA-NT-NF. It is worth noting that the 7 value of PtSA-NT-
NF is only 7 mV larger than that of Pt/C and much smaller
than those of reported HER catalysts (Table S1), indicating
an efficient HER performance in neutral media. More
importantly, Figure 4a shows that PtSA-NT-NF exhibits
much smaller # values than commercial Pt/C at jypg >
43 mAcm % suggesting that the HER performance of
PtSA-NT-NF at high current densities is better than that of
Pt/C.

Figure 4b shows that the Tafel slopes of NF, NT-NF,
PtSA-NT-NF, and Pt/C are 160, 38, 30, and 31 mVdec™,
respectively. These results indicate that the HER perfor-
mance on NF was poor, the HER on NT-NF occurred through
the Volmer-Heyrovsky mechanism with the electrochemical
combination of an adsorbed hydrogen atom, a free proton and
a free electron as the rate-limiting step (RLS),”” and the
HER on both PtSA-NT-NF and Pt/C did through the Volmer-
Tafel mechanism with the recombination between the adja-
cent adsorbed hydrogen atoms as the RLS.*!l

The electrochemically active surface area (ECSA) values
of NT-NF, PtSA-NT-NF, and Pt/C were measured to be 39.6,
76.1, and 29.4 cm? respectively (see details in the Exper-
imental Section in the Supporting Information and Fig-

ure S5). The largest ECSA value of PtSA-NT-NF
implies the presence of more active sites than NT-NF

b)O.

_NF g and Pt/C. In addition, the specific surface area (SSA)

:m?NF :,F\’lth_Eim r/ value of PtSA-NT-NF is close to that of NT-NF, and

& -80{ — PtSA-NT-NF 029 _pyc 160 mV dec” micropores and mesopores exist in both of them
§ —Pie % (Figure S6). These findings confirm that the NT
%_160_ 0.1 38 mV dec” arrays in PtSA-NT-NF and NT-NF have nearly
p— identical structures, as shown in Figures 2b,c, Fig-

0.04 ure S2 and Figure S4, except the presence of single Pt
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c) @7=50mV 70 d) —PtSA-NT-NF presence of single Pt atoms. Furthermore, the Pt
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% 404 ; \- (ICP-OES) to be 1.76 wt%. Then, by normalizing
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Figure 4. a) HER polarization curves of NF, NT-NF, PtSA-NT-NF, and Pt/C,
acquired with 5 mVs™" in N,-saturated 1m PBS at 25°C. b) Tafel plots of the
polarization curves in (a). c¢) Pt mass activities of PtSA-NT-NF and Pt/C at

7 =50 mV. The activity values have been normalized to the Pt loadings, and the
contributions of the NTs and NFs have been deducted. d) Chronoamperometric
curves of PtSA-NT-NF and Pt/C at a constant j;z =100 mAcm 2. The CEs used

for the results in (a—d) are all graphite rods.
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given tobe 17 and 70 Ag ', respectively, at 7 =50 mV
(this overpotential was chosen by following
Ref. [12b]). The value for single Pt atoms on PtSA-
NT-NF is four times that of Pt/C, indicating the more
efficient HER performance of the single Pt atoms.
Figure 4d shows that PtSA-NT-NF maintained
a stable HER performance over 24 h, whereas the
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performance of Pt/C degraded remarkably. Moreover, the
nvalue of PtSA-NT-NF at jypr=10mAcm? after the
stability test shows a small increase of 8 mV, much smaller
than the increase of Pt/C, 128 mV (Figure S7). These results
demonstrate the high stability of PtSA-NT-NF, which is also
verified by its stable structure and electrocatalytic kinetics
(Figures S8 and S9). The above findings suggest that the single
Pt atoms possess better HER performances than Pt/C in
neutral media, which should originate from the high Pt mass
utilization and the positive modulation of the SAC electronic
structures by substrates.""™***<] Moreover, no influences
from binders exist in our measurements. Besides, we exam-
ined the HER performances of PtSA-NT-NF in acidic and
alkaline media, and the results indicate that it is also a good
electrocatalyst for the HER in acidic and alkaline media
(Figure S10). The potential-cycling synthesis was also per-
formed on nanoporous gold (NPG),'*! by which Pt atoms
were deposited onto NPG (Figure S11).

In summary, we have successfully synthesized a PtSA-NT-
NF catalyst, which comprises single Pt atoms without Pt
grains/particles on CoP-based NTs supported by a NF, using
potential cycling in neutral media. The dimensions of each
PtSA-NT-NF piece are centimeter-scale and can be further
scaled up. PtSA-NT-NF can be directly used as electro-
catalytic HER cathodes in neutral media, and no binders are
needed. The catalyst is the first type of SACs used for the
HER electrocatalysis in neutral media, and it exhibits n =
24 mV for jyrr =10 mA cm % comparable to commercial Pt/
C (17 mV), which is the best HER electrocatalyst. More
strikingly, the # values of PtSA-NT-NF are much smaller and
thus better than those of Pt/C at jyzg >43 mAcm 2, its Pt
mass activity at 7 =50 mV is four times that of Pt/C, its Tafel
slope is only 30 mV dec™, as good as that of Pt/C, and it has
a better durability than Pt/C. These results provide a promis-
ing approach for synthesizing large-area, binder-free and
scalable Pt SAC electrodes for high-performance catalysis.
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