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Recent Advances in Ultralow-Pt-Loading Electrocatalysts for
the Efficient Hydrogen Evolution

Fei Guo, Thomas J. Macdonald, Ana Jorge Sobrido, Longxiang Liu, Jianrui Feng,
and Guanjie He*

Hydrogen production from water electrolysis provides a green and
sustainable route. Platinum (Pt)-based materials have been regarded as
efficient electrocatalysts for the hydrogen evolution reaction (HER). However,
the large-scale commercialization of Pt-based catalysts suffers from the high
cost. Therefore, ultralow-Pt-loading electrocatalysts, which can reach the
balance of low cost and high HER performance, have attracted much
attention. In this review, representative promising synthetic strategies,
including wet chemistry, annealing, electrochemistry, photochemistry, and
atomic layer deposition are summarized. Further, the interaction between
different electrocatalyst components (transition metals and their derivatives)
and Pt is discussed. Notably, this interaction can effectively accelerate the
kinetics of the HER, enhancing the catalytic activity. At last, current challenges
and future perspectives are briefly discussed.

1. Introduction

Due to the rapid growth of the global population, and the peren-
nial global warming, society is facing urgent energy crises and
challenges.[1] Thus, the pursuit of sustainable energy is rapidly
growing. Meanwhile, renewable and fossil-free fuels are being
developed due to their environmental friendliness and abun-
dance properties. The DOE (Department of Energy) and the IEA
(International Energy Agency) have set targets for reducing the
cost of hydrogen production with platinum (Pt)-based electrocat-
alysts. The DOE has set a target of $40/kW for the cost of Pt-based
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hydrogen production systems, while the
IEA has set a target of $30/kW. These
targets are aimed at making hydrogen a
more competitive fuel source for a vari-
ety of applications, including transportation
and energy storage. Amongst these, hydro-
gen molecules (H2) have the highest en-
ergy density (≈120 MJ kg−1) and carbon-free
character, making H2 to be widely recog-
nized as one of the most promising alterna-
tives in the next decade.[2] According to the
statistics, ≈95% of the industrial H2 gener-
ation relies heavily on the steam reforming,
which not only requires a high consump-
tion of fossil resources, but also releases
carbon dioxide (CO2).[3–5] Moreover, the de-
mand for renewable energy stimulates the
development of clean and efficient H2 pro-
duction route. To this end, water electrolysis

(2H2O(l)) → 2H2(g)+O2(g), ΔG0 = +273.2 kJ mol−1 and ΔE0 =
1.23 V versus normal hydrogen electrode (NHE), of which the
cathode reaction potential is 0 V[6] and anode reaction potential
is 1.23 V[7–9]) has been regarded as one of the most encouraging
alternatives to the steam reforming route.[10–11] The abundant wa-
ter resources, high energy conversion rate, and nearly zero emis-
sions of CO2 contribute to make water electrolysis feasible.[12]

Theoretically, water electrolysis involves two half-reactions, hy-
drogen evolution reaction (HER) and oxygen evolution reaction
(OER) on cathode and anode of an electrochemical device.[10,13]

During the actual reaction process, the electrochemical reactions
on the relevant electrodes are accompanied by an operating volt-
age (Eop) over the theoretical value, which is called overpotential.
The reason behind is that the Eop needs to overcome the activa-
tion energy of the theoretical overpotential (cathode: Ecathode, an-
ode: Eanode) and the resistance of the internal electrolytic device
(Eother), as shown in Equation (1)

Eop = 1.23 V + Ecathode + Eanode + Eother (1)

Hence, efficient water splitting needs of appropriate efficient
electrocatalysts to diminish overpotentials for both HER and
OER. To date, Pt-based materials and their derivatives are gener-
ally regarded as the state-of-the-art catalyst for HER,[14–19] owing
to the outstanding hydrogen binding energy (the optimum ad-
sorption and desorption capacity with hydrogen intermediates),
near-zero overpotentials, remarkable exchange current densities
(j0), and small Tafel slopes.[20–21] However, there are still four
main challenges (Figure 1) which limit the commercialization of
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Figure 1. Main challenges for Pt-based materials.

Pt-based materials. The high cost and inadequate reserves limit
the large-scale usage of Pt-based electrocatalysts.[22–26] Thus,
a pivotal challenge for HER is how to decrease the cost of Pt
required in the electrocatalysts, which requires a significant
improvement in Pt mass activity (MA, the catalytic current
per unit mass of Pt).[24,27–29] As it is well-known that the MA
is strongly connected with the amount of exposed active sites,
plentiful research effort has been devoted to downsizing Pt-
based nanoparticles to clusters or single atom (SA) level.[30–33]

It is generally recognized that downsizing catalysts will create
higher surface/volume ratio. Thereby, the isolated Pt sites
can easily react with hydrogen intermediates, exhibiting good
HER activity and improving the atom utilization efficiency
(AUE).[34–37] Nonetheless, it is still challenging to maintain the
stability of Pt-based nanoparticles, because of the low-resistance
toward Ostwald ripening (the aggregation of downsized Pt-based
nanoparticles under a certain temperature) or an insufficient
durability under a given voltage.[38–39] To overcome this, one
strategy has been proposed to maintain stability of Pt-based
electrocatalysts during the electrocatalytic processes by loading
nanoparticles onto supports,[40–42] including carbon[43] and
metal-based[44] supports. These are accepted as promising sup-
ports for the electrocatalytic process because of their tunable
electrical conductivity,[45–46] abundant defects,[47–48] and ability to
undergo further chemical and structural modifications.[49–50] In
addition, directly optimizing the intrinsic activity of every single
active site is another feasible method to reduce the Pt usage.[51–53]

In this aspect, alloys and polymetallic compounds consisting
of Pt and non-noble metals (such as Co,[54–55] Ni,[56–58] Fe,[59–60]

Cu[61–62]) have been broadly explored. Apart from the size effect
of Pt, non-noble metals can reconstruct the surface electronic
structure through interactions.[63–65] Furthermore, electronic
modification can reduce the adsorption and desorption energy
barriers of hydrogen intermediates.[66–68]

So far, much effort has been devoted to efficient hydrogen
generation.[69-72] Most reports [43,44,73-75] discuss the production
of Pt nanoparticles, Pt-based alloys and Pt-based heterogeneous
electrocatalysts. Chen and his team summarized metal alloy

electrocatalysts,[75] especially introduced and analyzed the mech-
anism and application of Pt-based alloy catalyst in hydrogen evo-
lution reaction, discussed the progress in the design, prepara-
tion, and application of Pt-based alloy electrocatalysts. In Xu’s
review,[70] the principles of the HER under alkaline conditions are
first introduced, followed by a discussion of the latest advances
in Pt-based heterostructured catalysts. Special focus is placed on
approaches for enhancing the reaction rate by accelerating the
Volmer step. Xu also provided the design principles for the fu-
ture development of heterostructured nano- or microsized elec-
trocatalysts. As discussed in Baek’s review,[74] Pt and other noble
metals (Ru and Ir) are currently considered the most active mate-
rials for HER. Baek and his team mainly focus on the recent ad-
vances in noble-metal-based HER electrocatalysts. In particular,
the synthesis strategies to enhance cost-effectiveness and the cat-
alytic activity for HER are highlighted. Nonetheless, large-scale
commercialization requires further reducing the cost of Pt-based
electrocatalysts and maximizing the AUE of Pt. Therefore, a vi-
able project is to develop ultralow-Pt-loading electrocatalysts (UP-
LEs), which can realize a balance between the cost and HER activ-
ities. Comparing with the published reviews, this review mainly
aims at providing a highly generalized summary about HER and
how to synthesis the UPLEs through a simple strategy, such
as (electrochemical method, photochemical method, annealing
method, wet chemical method, atomic layer deposition (ALD)
method). Moreover, the interaction between Pt and other com-
ponents is discussed to further shed light on the charge modifi-
cation on UPLEs. Although, UPLEs, Pt nanoparticles, Pt-based
alloys, and Pt-based heterogeneous electrocatalysts are all mate-
rials used in electrocatalysis, which involves the use of an elec-
trical current to catalyze a chemical reaction.[76] However, they
differ in their composition, structure, and properties. UPLEs are
typically made up of Pt atoms dispersed on the supporters, which
helps to reduce the amount of platinum needed while still main-
taining high catalytic activity.[77] These electrocatalysts typically
have very low Pt loading, with a weight percentage of Pt less than
10 wt% and size less than 5 nm. Pt nanoparticles exhibit the size
around 10 nm. They are typically supported on carbon or other
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materials to improve their stability and dispersion.[78,79] Pt
nanoparticles are widely used in fuel cells and other electrochem-
ical devices because of their high catalytic activity and stability.[80]

Pt-based alloys are made by mixing Pt with other metals, such
as nickel, cobalt, or palladium. These alloys often have improved
properties over pure Pt, such as higher catalytic activity, better
durability, and lower cost. Pt-Ni and Pt-Co alloys are commonly
used in fuel cells and other electrochemical devices.[81] Pt-based
heterogeneous electrocatalysts are materials where platinum is
anchored onto a support material, such as metal oxides or other
conductive materials.[82] These materials are designed to improve
the durability and stability of the catalyst, while also providing a
high surface area for catalysis. Pt-based heterogeneous electrocat-
alysts can be used in a wide range of electrochemical applications,
including fuel cells, electrolysis, and electrochemical sensors. In
summary, UPLEs use a minimal amount of platinum to achieve
high catalytic activity, which can be designed as Pt nanoparticles,
Pt-based alloys and Pt-based heterogeneous electrocatalysts. Ac-
cording to the recent published works,[83-86] as the commercial-
ized 20%Pt/C is commonly used as the benchmark catalyst for
HER. The Pt-loading on the working electrode will be counted
for 0.04 mg cm−2 as a strategy for blending 2 mg (catalyst pow-
der) with 20 μL Nafion solution (5 wt%) and 980 μL mixture of
isopropanol/ethanol/water. The definition of UPLEs should be
the catalysts with less than 0.02 mg cm−2 Pt-loading on the elec-
trode. Otherwise, the Pt-loading of catalysts should be lower than
10 wt% tested by inductively coupled plasma mass spectrometer
(ICP-MS).

Currently, the research progress of UPLEs involves the
enhancement of the intrinsic activity by manipulating the
morphology, composition, and construction of platinum-based
electrocatalysts. To shed some light on the interaction of Pt
with other components, density functional theory (DFT) calcula-
tions are generally conducted. Although numerous catalysts have
shown the potential to replace commercial Pt/C catalysts,[87-96] an
integrated review about design and application of UPLEs is still
needed to guide future research. Here, HER mechanisms and
general evaluation measurements of HER are first introduced.
Then, several typical synthetic methods of UPLEs and their
HER performances are discussed. In the end, the interaction
between different components of UPLEs is summarized. This
review can provide a guidance to design and optimize Pt-based
electrocatalysts with excellent HER activity and competitive cost.

2. Fundamentals of HER

2.1. HER Mechanism

Based on several studies,[97–99] the HER process can follow
two different pathways: Volmer–Tafel and Volmer–Heyrovsky, as
shown by Figure 2 and Equation (2)–(4)

Volmer step : H+ + e− → H∗ (2)

Tafel step : 2H∗ → H2 (3)

Heyrovsky step : H∗ + H+ + e+ → H2 (4)

In the HER process, the Volmer step is first performed. One
proton (H+) in the electrolyte is adsorbed on the catalyst surface

Figure 2. Different pathways of hydrogen evolution on the surface of elec-
trocatalysts (blue represents proton, green represents hydrogen atom in-
termediate and hydrogen molecules, yellow represents metal atoms).

Table 1. Pathways of HER in different electrolyte media.

Pathway Acid Alkaline or neutral

Volmer H3O++e−→H*+H2O H2O+e−→H*+OH−

Tafel 2H*→H2 2H*→H2

Heyrovsky H*+H++e−→H2 H*+H2O+e−→H2+OH−

to form a hydrogen atom intermediate (H*), where * represents
the active site on the catalyst surface.[99] The Volmer step is also
referred to as the discharge step according to Equation (2). Subse-
quently, the reaction pathways of HER are divided into two types.
The Tafel step (desorption step, Equation (3)) generates hydrogen
molecules by combining two adsorbed hydrogen atom interme-
diates, while the hydrogen molecules, generated by Heyrovsky
step (electrochemical desorption step, Equation (4)), consist of
an adsorbed hydrogen atom intermediate, a proton and an elec-
tron. It is obvious that H* plays a crucial role in the hydrogen
generation. Thus, the kinetics of HER are influenced remarkably
by the ΔGH* of adsorption of H*.[100] If ΔGH* is too high to over-
come, it is difficult for H+ to be adsorbed to the active sites on
the catalyst surface, then the Volmer step will limit the rate of the
HER. On the contrary, when ΔGH is too low, it will lead to a high-
strength bonding among H* and the active sites, then H* will be
tough to desorb, and the Tafel or Heyrovsky step will impose re-
strictions on the HER. In fact, there are three types of electrolytes
in practical water electrolysis devices: acid, alkaline, and neutral
solutions, which could lead to the different existence of H+ and
the corresponding reaction step.[96] For instance, in acidic elec-
trolytes, H+ exists in the form of H3O+, while the concentration
of H+ is low in the alkaline or neutral electrolytes, which leads
to different reaction pathways depending on the electrolyte, as
shown in Table 1.

2.2. HER Evaluating Measurements

2.2.1. Overpotential

The overpotential has been widely regarded as one of the most
important measurements for assessing the activity of HER
catalysts. Referring to the Nernst equation, under standard
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Figure 3. Schematic HER polarization curves on different electrocata-
lysts with iR correction and overpotentials indicated. Reproduced with
permission.[102] Copyright 2019, Wiley-VCH.

conditions, the potential of the HER relative to an ordinary
hydrogen NHE is zero. However, the practical process requires
an imposed potential to overcome some unfavorable problems,
such as the kinetic energy barrier caused by high ΔGH and resis-
tance of electrolyte in three electrode measurement system.[4,101]

Commonly, the corrected overpotential (Ec) should be measured
after the iR compensation (Equation (5)). Also, the current den-
sity at 10 mA cm−2 equals to the 12.3% device efficiency for solar
water-splitting, so the overpotential at 10 mA cm−2 is normally
noted to evaluate the HER activity of the electrocatalysts,[102] as
shown in Figure 3

Ec = Emeasured − Ir (5)

2.2.2. Tafel Slope

The Tafel slope (b), relating to the rate of HER process, represents
the intrinsic activity of an electrocatalyst. In Equation (6), Eop is
plotted as the function of log(j/j0), in which j is the current density
and j0 is the exchange current density. Meanwhile, b can be valued
from the linear extended part of Tafel slope (Figure 4).[103] The
j0 is also an important kinetic parameter to describe the intrin-
sic catalytic activity of electrocatalysts under a reversible environ-
ment, and j0 can be determined when Eop is valued as Zero.[104]

The kinetics of the electron transfer will be accelerated when b
decreases at the same current density. Efficient HER electrocata-
lysts should deliver both large j0 and small values of b.

In general, we can infer the reaction path of the HER pro-
cess from the Tafel slope obtained from electrochemical tests. If
the Tafel slope is close to 30 mV dec−1, this indicates that the
HER proceeds through the Volmer–Tafel step, which is the rate-
limiting step; if the Tafel slope is close to 40 mV dec−1, this indi-
cates that the HER proceeds through the Volmer–Heyrovsky step,
Heyrovsky is the rate-limiting step. Both cases indicate that the
adsorption of H* on the catalyst surface is easy to proceed, and
the reaction rate of HER is mainly affected by the desorption of

Figure 4. The relationship among Tafel slope, current density, and over-
potential. Reproduced with permission.[103] Copyright 2018, American
Chemistry Society.

Figure 5. EIS equivalent model of the Faradaic impedance of HER.

H*.[105] When the Tafel slope reaches 120 mV dec−1, the Volmer
step will become the rate-limiting step, which indicates that H+

is not easily adsorbed to the active sites on the catalyst surface[104]

Eop = b log(j∕j0) (6)

2.2.3. Electrochemical Impedance Spectroscopy (EIS)

Both Volmer–Tafel and Volmer–Heyrovsky include the adsorp-
tion of H* on the electrode surface. The rate of this process
can be evaluated by using the electrochemical measurement
system.[106] The Rs (internal resistance of the electrode and
electrolyte) and Rct (charge transfer resistance of electrocatalysts)
can be measured by EIS Nyquist model (Figure 5). Theoretically
Rs is generated because the electrolyte mainly relies on ionic
conduction, and when an electric field is applied, the movement
speed of ions in the electrolyte becomes faster, thus the resistance
decreases. Since HER is always measured within a narrowed
potential range, Rs will not change that much in the same elec-
trochemical measurement system. So Rct can be directly related
to the rate of the charge transfer process at the interface of elec-
trocatalysts. As for the hydrogen evolution process, the smaller
Rct, the faster the charge transfer rate and lower overpotential.

2.2.4. Durability

Durability is another key measurement for evaluating the
commercialization potential of HER catalysts. Currently, there

Adv. Sci. 2023, 2301098 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2301098 (4 of 23)

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202301098 by T

est, W
iley O

nline L
ibrary on [18/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advancedscience.com

are two main methods for durability test: voltammetry (cyclic
voltammetry (CV) or linear sweep voltammetry (LSV)) and
chronoamperometry.[6,34] Both CV and LSV results compare
the variation in the overpotential before and after a cyclic test
(≥1000 cycles in the range including onset-potential and over-
potential at 10 mA cm−2. A small variation after cyclic tests is
allowed, which manifests the stable HER activity of electrocata-
lysts. The chronoamperometry is used to observe current density
change of the electrocatalyst, the potential applied to this method
is exactly corresponding to the current density at 10 mA cm−2.
The durability test should last not be less than 12 h. The longer
test means the better durability.

2.2.5. Turnover Frequency

In the HER process, the turnover frequency (TOF) is the num-
ber of hydrogen molecules generated by per active site per
second.[107] Therefore, TOF can also evaluate the intrinsic ac-
tivity and efficiency of each active site. Recently, TOF for HER
electrocatalysts can be calculated based on Equation (6), where
I represents the current (A), F represents the Faraday constant
(96 485.3 C mol−1), x represents the number of electron transfer
during the HER process, and n represents the number of moles
of the active sites[87]

TOF = I
xnF

(7)

However, as for some of the latest HER catalysts, especially
heterogeneous materials, the TOF value is inaccurate due to the
difficulty in obtaining the precise number of moles of surface
catalytic sites. Nevertheless, TOF still provides a feasible way to
compare the activities of HER catalysts under the same or similar
systems.

3. Synthesis and Design of UPLEs

Many efforts have provided reliable strategies to prepare high-
performance UPLEs by regulating the size, composition, and
structure of platinum-based active sites. In this regard, several
main strategies for synthesizing UPLEs have been introduced, in-
cluding electrochemical and photochemical reduction reactions,
high-temperature annealing, wet chemistry method, and ALD,
etc.

3.1. Electrochemical Method

The electrochemical method refers to a process in which an elec-
trochemical cell is used to synthesize or modify materials by ap-
plying an electric potential difference across an electrolytic solu-
tion containing the precursor material. The specific details of the
electrochemical method can vary depending on the specific ap-
plication and materials being used. Thus, electrochemical meth-
ods are gradually recognized as a simple, low energy consump-
tion, and environmental-friendly strategy to prepare UPLEs.[108]

In addition, the amount and size of Pt-based materials can be
accurately controlled through electroplating parameters, and its

outer layer can be modified to improve the AUE of Pt. There
are two different types of electrochemical methods: electrochemi-
cal etching and electrochemical reduction. Commonly used elec-
trolytes in electrochemical methods include aqueous solutions
of acids or salts, such as sulfuric acid or sodium chloride. How-
ever, nonaqueous electrolytes, such as organic solvents, can also
be used for specific application. The Pt precursor used in elec-
trochemical methods can also vary depending on the desired ap-
plication. Common Pt precursors include H2PtCl6, Pt(acac)2 and
Pt counter electrode (such as Pt foil, etc.), which can be reduced
to form Pt nanoparticles or thin films on a substrate. The corre-
sponding potential range used in electrochemical methods can
also vary depending on the specific application and materials be-
ing used. Generally, the potential range will be chosen to allow for
the reduction or oxidation of the precursor material, while avoid-
ing unwanted side reactions. For example, the reduction of Pt2+

typically occurs in a potential range of −0.4 to −1.0 V versus a
standard hydrogen electrode (SHE).

As shown in Figure 6a, Huang et al. obtained a PtW NWs/C
catalyst through a electrochemical (EC) etching,[109] by the LSV
process at a scan rate of 5 mV s−1 in 1.0 m KOH for seven cy-
cles with Pt(acac)2, CATB, W(CO)6 in an oleyl-amine solution as
reactants to synthesize PtW@WOx NWs/C . The as-synthesized
PtW NWs/C catalyst exhibited an extremely low overpotential of
18 mV at 10 mA cm−2 in 1.0 m KOH, and its Tafel slope was
29 mV dec−1, reflecting that the current density of PtW NWs/C
catalyst increased faster with the potential rising than commer-
cial Pt/C catalysts (Figure 6b). In addition, it has been reported
that Pt can be dissolved from the Pt counter electrode (such as
Pt foil, etc.) and reduced onto the working electrode during the
HER test. The dissolution and reduction processes are more se-
vere in acid electrolysis than in alkaline conditions, which signifi-
cantly affect the accuracy of the measured HER activity.[110] Thus,
Pt cations can be easily reduced on the cathode in the electrolyte
during the dissolution process. Owing to this strategy, Liu and his
group utilized the Pt counter electrode to replace the normal Pt
precursor, and successfully prepared nanostructured Pt clusters
on nitrogen-functionalized hollow carbon sphere (HCS-N) with
an ultralow Pt loading (1.7 μg cm−2 and 0.05 wt%),[111] as shown
in Figure 6c. The HCS-N-Pt catalyst showed the best HER activ-
ity compared to other HCS-O-Pt within this report, HCS-O-N-Pt
and commercial Pt/C catalysts, only requiring an overpotential of
14.4 mV to reach 10 mA cm−2 and the Tafel slope of 22 mV dec−1

in 0.5 m H2SO4 (Figure 6d).
However, some disadvantages of electrochemical method

hamper the large-scale application, including 1) electrode stabil-
ity: electrodes can be damaged or dissolved during electrochem-
ical reactions, which can limit the lifetime of the equipment and
require frequent maintenance. 2) cost: electrochemical methods
can be expensive due to the need for specialized equipment
and materials. 3) complexity: electrochemical methods can be
complexed and required skilled operators to ensure the reaction
proceeds correctly. Thus, we provide improvement strategies
to overcome the shortcomings. First, developing more stable
electrode materials can improve the lifetime of electrochemical
equipment and reduce maintenance costs. Second, automat-
ing electrochemical processes can reduce the need for skilled
operators and improve consistency and reproducibility. Also,
developing scalable electrochemical processes can reduce costs
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Figure 6. a) Preparation process of PtW NWs/C. b) Corresponding HER performance and Tafel slope. Reproduced with permission.[109] Copyright 2022,
Wiley-VCH. c) Preparation process of HCS-N-Pt. d) Corresponding HER performance and Tafel slope. Reproduced with permission.[111] Copyright 2018,
American Chemical Society.
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Figure 7. a) Preparation process of Pt/RuCeOx-PA. b) Corresponding HER performance, Tafel slope, and mass activity. Reproduced with permission.[112]

Copyright 2020, Wiley-VCH.

and increase efficiency, making electrochemical methods more
competitive with traditional methods. Furthermore, using re-
newable energy sources to power electrochemical processes can
further reduce the environmental impact of electrochemical
methods.

3.2. Photochemical Method

Photochemical reduction, including the processes of nucleation,
growth, and conversion to metal nanoparticles, has been widely
used to synthesize noble metal nanoparticles.[78,112–114] Uni-
formly dispersed metal clusters or single atoms can be prepared
by reducing the rate of reaction nucleation. At the same time, the
use of low-temperature light sources such as ultraviolet rays can
effectively prevent the aggregation of metal atoms. Meanwhile,
low-temperature solvents can also be used to increase the energy
barrier of the nucleation and achieve inhibition. Photochemical
reduction can also immobilize highly dispersed metal nanopar-
ticles on carbon or metal oxide supports. The photochemical
method is environmentally friendly, low energy requiring, and
highly efficient.

Figure 7a illustrates the work by Wang et al., who diluted
RuCeOx and H2PtCl6 solution into ultrapure water, then ex-
posed the solvent to an ultraviolet-lamp (50 W) for 3 h to obtain
Pt/RuOx-PA electrocatalyst (with only 0.49 wt% Pt loading).[112]

Figure 7a shows that under the ultraviolet light exposure, many
photo-induced electron-hole pairs could be isolated from the
RuO2/CeO2 interface, while photoelectrons transfer to the RuO2
surface to help anchoring Pt atoms. The HER performance of
Pt/RuOx-PA was evaluated in 0.5 m H2SO4 electrolyte. It is ob-
vious that Pt/RuOx-PA owned impressive HER activities (the

overpotential of 41 mV at 10 mA cm−2 and the Tafel slope of
31 mV dec−1), which are comparable to those found for commer-
cial Pt/C, and much better than other as-prepared electrocatalysts
(Figure 7b).

Additionally, Wang and coworkers mixed H2PtCl6 solution
with pre-prepared WO3 nanosheets, then the mixed solution was
stirred under the simulated solar irradiation of a xenon lamp for
2 h (Figure 8a). Finally, Pt-WO3 (with 4.426 wt% Pt) was prepared
after washing.[113] As depicted in Figure 8b, Pt-WO3 exhibited the
outstanding HER activity (39 mV at 10 mA cm−2, 32.9 mV dec−1),
remarkably close to the 20 wt% Pt loading commercial catalyst
and higher than TiO2 based catalyst and Pt/C with the same Pt
content.

However, there are still some limitations for this approach.
Since most of the solvent used in the photochemical strategy is
ultrapure water, materials cannot be used if they are unstable in
ultrapure water. Moreover, Pt atoms do not have a very strong
respond to light irradiation. Therefore, photochemical reduction
requests that carriers should be photo-responsive and rich in de-
fects or heteroatoms to strongly anchor the Pt atoms.[114]

Several improvements of photochemical method are provided.
On the one hand, the photochemical reduction of Pt precursor
to Pt nanoparticles involves several reaction parameters such as
the type of solvent, the concentration of the precursor, the type
of reducing agent, and the intensity of light. An optimization of
these parameters can lead to a higher yield of Pt nanoparticles
with a narrower size distribution. On the other hand, surfactants
are essential in controlling the size and stability of nanoparticles
synthesized by the photochemical method. The choice of surfac-
tant can significantly impact the size, shape, and dispersion of
Pt nanoparticles. The use of suitable surfactants can improve the
stability and size distribution of Pt nanoparticles.

Adv. Sci. 2023, 2301098 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2301098 (7 of 23)
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Figure 8. a) Preparation process of Pt-WO3. b) Corresponding HER performance and Tafel slope. Reproduced with permission.[113] Copyright 2020,
Elsevier.

3.3. Annealing Method

Annealing is a widely adopted strategy to synthesize single-atom
metal or alloy catalysts and can be conducted in a variety of at-
mospheres for the heat treatment, including argon (Ar), nitro-
gen (N2), hydrogen and nitrogen mixture (H2/N2). The metal pre-
cursor is decomposed at a certain temperature to obtain a single
metal atom or nucleate and grow into an alloy. The influence of
temperature on Pt nanoparticles and clusters can have several
effects, including changes in their size, structure, and proper-
ties. As the temperature increases, the size and morphology of
Pt nanoparticles and clusters can change. This can occur due to
the thermal activation of surface atoms, which can lead to particle
aggregation or coalescence. At higher temperatures, Pt nanopar-
ticles may also undergo Ostwald ripening, where smaller parti-
cles dissolve and deposit onto larger particles, resulting in a shift
in size distribution. Pt nanoparticles and clusters can exist in dif-
ferent crystal structures, such as face-centered cubic (fcc), hexag-
onal close-packed (hcp), and others. The crystal structure of Pt
nanoparticles can change with temperature due to the thermal
activation of surface atoms, which can lead to structural trans-
formations from fcc to hcp or vice versa. Moreover, Pt nanopar-
ticles and clusters can be subject to thermal degradation at high
temperatures, which can lead to the loss of their catalytic activ-
ity or even structural disintegration. The thermal stability of Pt
nanoparticles and clusters can be improved by modifying their
size, morphology, and crystal structure. In addition, some sup-
ports are also obtained by high temperature pyrolysis,[115–117] in-
cluding graphene, metal–organic frameworks (MOFs) and some
transition metal oxides. These carriers own strong electrical con-

ductivity and are suitable for modification in different electro-
chemical systems. In addition, these materials have abundant
specific surface area and porous structures, which are suitable
for immobilizing and confining Pt ions.

As displayed in Figure 9a, Gong and his team synthesized
Pt SAs by carrying out a rapid thermal shock.[118] In the first
step, N2H8PtCl6 solution was mixed with the supporting mate-
rial (Ti3C2Tx). Second, the precursor was annealed at 400 °C for
10 min under a 10% H2/N2 atmosphere. As a result, the catalyst
(Ti3C2Tx-PtSA) with oxygen vacancies and highly dispersed Pt SAs
(0.84 wt%) was obtained. As shown in LSV curves (Figure 9b),
Ti3C2Tx-PtSA had an overpotential of 38 mV at 10 mA cm−2 in
0.5 m H2SO4, much lower than other non-Pt-based electrocat-
alysts and commercial Pt/C. Besides, Ti3C2Tx-PtSA showed the
fastest HER kinetics with a Tafel slope of 45 mV dec−1.

Cheng et al. prepared ultrafine and ordered Pt3Co alloy
nanoparticles,[119] as shown in Figure 10a. The Pt3Co nanopar-
ticles were first anchored onto the nitrogen-doped graphene by
ethylene glycol method (220 °C, 4 h). The Pt3Co/NG-700 (9.6 wt%
Pt loading) catalyst was synthesized by thermal treating at 700 °C
under a 10% H2/N2 atmosphere. It is clear from Figure 10b
that Pt3Co/NG-700 catalyst exhibited remarkable HER perfor-
mance, including lower overpotential (13 mV at 10 mA cm−2)
and lower Tafel slope (27.4 mV dec−1) than Pt/C. In addition,
another alloy catalyst (PtRu@C2N) was obtained by Fu et al.[120]

As shown in Figure 10c, the catalyst was prepared by anneal-
ing under 800 °C for 2 h under Ar atmosphere. Interestingly,
Fu reported a metal-support interaction between PtRu nanoparti-
cles and C2N nanosheets, resulting in the improvement of HER
activity. In 0.5 m H2SO4 electrolyte, PtRu@C2N exhibited an

Adv. Sci. 2023, 2301098 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2301098 (8 of 23)

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202301098 by T

est, W
iley O

nline L
ibrary on [18/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advancedscience.com

Figure 9. a) Preparation process of Ti3C2Tx-PtSA. b) Corresponding HER performance and Tafel slope. Reproduced with permission.[118] Copyright 2022,
American Chemical Society.

overpotential of 52 mV at 10 mA cm–2, with a small Tafel slope
of 31 mV dec–1 (Figure 10d). This highly enhanced HER perfor-
mance and fast kinetics can be attributed to the well-designed
electronic structure of PtRu nanoparticles and C2N nanosheets,
which reduces the adsorption energy barrier of hydrogen inter-
mediates.

Hence, proper design of the interface, regarding composition
and density is critical for HER in a wide range of pH. In the next
step, introducing components favorable for HER kinetics at the
interface can further reduce the usage of Pt and improve the HER
activity of the catalyst. The parameters of annealing and mech-
anism between different components will become the research
focus.

3.4. Wet Chemical Method

Due to the prospect of commercial application, wet chemi-
cal methods have been widely used in the synthesis of Pt-
based materials. Wet chemical methods include galvanic re-
placement (GR),[34,121] impregnation,[122–123] chemical reduction
(CR),[87,124–125] etc.

Cheng and his team successfully used the GR method to pre-
pare Pt2Co8@N-C, as shown in Figure 11a.[121] This method fol-
lows the reaction route of Co + PtCl4

2−→ Co2+ + Pt + 4Cl−. In
Figure 11b, the HER performance of fabricated Pt2Co8@N-C cat-
alyst was measured, a 47 mV overpotential at 20 mA cm–2 and a
Tafel slope of 48 mV dec–1, were close to commercial Pt/C (53 mV
and 33 mV dec–1). In addition, this work provided a simple
and practicable mean for Pt-based alloys. Wang and coworkers

used the impregnation to synthesize Pt@CoS nanowires (Pt/Co
atomic ratio of 0.85%) (Figure 11c).[122] In an alkaline electrolyte
(1 m KOH), Pt@CoS catalyst showed a superior catalytic perfor-
mance of 28 mV overpotential at 10 mA cm–2 and a Tafel slope
of 31 mV dec–1, much higher than other obtained catalysts and
Pt/C (Figure 11d). In addition, combined with more details in
this research, Pt atoms prefer to populate the Co position and
form a four-coordination structure during the impregnation pro-
cess, which is similar to GR method. According to Wang’s re-
search (Figure 11e),[124] they compared the CR method (by using
NaBH4) with the in situ electrochemical method (ECR). They no-
ticed that Pt nanoparticles (NPs) were easier to aggregate dur-
ing the CR process, while ECR could synthesize ultrafine and
separated Pt NPs. As shown in Figure 11f, the corresponding
HER performance of Pt/CNTs-ECR (0.3 wt% Pt loading) was
higher, and the total cost was much lower than the commercial
Pt/C. These studies demonstrated that although the wet chemi-
cal method has the advantage of being easy to operate, the control
of catalytic sites still highly requires combining with the original
metal sites or defects in the carriers.

However, several key differences between laboratory-scale and
industry-scale production of wet chemical method hinder the
commercialization. First, laboratory-scale production of catalysts
typically involves batch production, whereas industry-scale
production involves continuous production. In batch produc-
tion, each reaction is carried out in a single vessel, whereas in
continuous production, the reaction takes place in a series of
interconnected vessels. This difference can affect the consis-
tency of the product and the efficiency of the production process.
Second, the scale of production is much larger in industry-scale

Adv. Sci. 2023, 2301098 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2301098 (9 of 23)
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Figure 10. a) Preparation process of Pt3Co/NG-700. b) Corresponding HER performance and Tafel slope. Reproduced with permission.[119] Copy-
right 2020, American Chemical Society. c) Preparation process of PtRu@C2N. d) Corresponding HER activities in acid conditions. Reproduced with
permission.[120] Copyright 2022, Elsevier.
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Figure 11. a) Preparation process of Pt2Co8@N-C. b) Corresponding HER performance and Tafel slope. Reproduced with permission.[121] Copyright
2019, Elsevier. c) Preparation process of Pt@CoS nanowires. d) Corresponding HER performance and Tafel slope. Reproduced with permission.[122]

Copyright 2022, Elsevier. e) Preparation process of Pt/CNTs-ECR and Pt/CNTs-CR. f) Corresponding HER performance. Reproduced with permission.[124]

Copyright 2019, Royal Society of Chemistry.

production, which means that the production process needs to be
more robust and efficient. This requires specialized equipment
and processes that can handle the large quantities of materials
involved. Third, laboratory-scale production is typically carried
out under tightly controlled conditions, with precise measure-
ments of all variables. In industry-scale production, process
control is more challenging, more convenient experimental
conditions need to be proposed to ensure consistent quality and
performance. Therefore, researchers are working hard to develop
facile methods that can prepare high-performance UPLEs.

3.5. ALD Method

ALD is known as one of the most advanced technologies for de-
positing atomic thin films onto the substrate. Moreover, ALD can
be applied to obtain Pt SAs, owing to its precisely controllable
deposition layers.[16,22,126] Specifically, ALD is a thin film deposi-
tion technique used to create precise and conformal coatings on
a substrate surface. Further, ALD is a self-limiting and gas-phase
process where a substrate surface is exposed to alternate pulses
of two or more precursors, resulting in the formation of a thin

film on the surface. One of the main advantages of ALD is its
ability to create precise and uniform coatings, even on complex
geometries and high aspect ratio structures. Also, ALD is also ca-
pable of depositing a wide range of materials, including metals,
oxides, nitrides, and sulfides, with precise control over thickness,
composition, and morphology. Thus, ALD has become a popular
technique for preparing single-atom catalysts (SACs) due to its
ability to control the size and distribution of metal atoms on a
support material. SACs are a type of catalyst where individual
metal atoms are dispersed on a support material, resulting in
high catalytic activity and selectivity. The performance of SACs is
highly dependent on the size and distribution of the metal atoms,
making ALD an ideal technique for their preparation.

As displayed in Figure 12a, Pt single atoms catalyst
(ALDPt/NGNs) were deposited on N doped graphene nanosheets
by using MeCpPtMe3 and oxygen as precursors through an ALD
method.[16] During the process, the N-dopant influenced the
reaction between MeCpPtMe3 and NGNs, and this chemical
bond contributed to form anchored Pt SAs. Sun et al. also con-
trolled the Pt loading with an ALD program, the catalyst with only
2.1 wt% Pt loading was obtained after 50 cycles. Notably, the HER
catalytic activity of ALDPt/NGNs decreased with the increasing

Adv. Sci. 2023, 2301098 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2301098 (11 of 23)
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Figure 12. a) Preparation process of ALDPt/NGNs. b) Corresponding HER performance. Reproduced with permission.[16] Copyright 2016, Springer
Nature. c) Preparation process of Pt1/OLC. d) Corresponding HER performance and Tafel slop. Reproduced with permission.[22] Copyright 2019, Springer
Nature.
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ALD cycle number (Figure 12b). These results suggested that
downsizing Pt nanoparticles to clusters or SA levels can improve
their AUE and minimize the cost. Song et al. used ALD to deposit
Pt SAs onto onion-like carbon nanospheres (OLC), as shown in
Figure 12c.[22] The surface-oxidized detonation nanodiamonds
(DNDs) were treated under various temperatures to obtain
OLC to precisely adjust the oxygen species and defects. The
engineered vacancy defects and functional groups on the OLC
were aimed to stabilize Pt SAs. Besides, OLC owned the high
curvature leaded to accumulation of electrons around Pt regions,
which could accelerate HER kinetics. Consequently, Pt1/OLC
(0.27 wt% Pt content, “1” means a single ALD cycle process)
achieved an overpotential of 38 mV at 10 mA cm−2 and a Tafel
slope of 36 mV dec−1, which were comparable to commercial
Pt/C and much higher than Pt SAs on graphene (Figure 12d).

However, there are also some disadvantages to ALD, such as
running costs and technical challenges. One major disadvantage
of ALD is the high cost of equipment and materials. ALD requires
specialized equipment and materials, such as high-purity precur-
sors and sophisticated reaction chambers, which can be expen-
sive to purchase and maintain. Additionally, the process can be
slow and requires multiple cycles, which can increase the overall
cost of production. Another challenge with ALD is that it can be
technically complex and difficult to optimize. ALD requires pre-
cise control over reaction conditions, such as temperature, pres-
sure, and gas flow rates, which can be challenging to achieve and
maintain. The process also requires careful monitoring and con-
trol of precursor delivery and surface reactions, which can be dif-
ficult to achieve with some materials. Despite these challenges,
ALD can be combined with other traditional synthesis strategies
to overcome some of these limitations. For example, ALD can be
used in combination with physical vapor deposition (PVD) to cre-
ate composite coatings with improved properties to create com-
plex multilayer structures with precise control over thickness and
composition.

In conclusion, various methods can be applied to synthesize
UPLEs. However, they all have advantages and limitations. In the
process of synthesizing UPLEs, we should pay more attention to
the design of the carrier, including manufacturing defects, oxy-
gen vacancies, introduction of functional groups, etc. The prepa-
ration method of UPLEs (ultrafine particles of transition metal
oxides or mixed metal oxides) plays a crucial role in determining
their morphologies, structures, growth modes, chemical bond-
ing strength, particle size distribution, and catalytic activity. In
this response, we will discuss each of these areas in more detail.
Various preparation methods can yield different morphologies
and structures of UPLEs. For example, electrochemical method,
photochemical method, and wet chemical methods can produce
porous and amorphous structures, while hydrothermal synthe-
sis can lead to well-defined nanocrystals. The morphology and
structure of UPLEs can significantly affect their properties, such
as surface area, pore size, and surface chemistry, which in turn in-
fluence their performance in catalysis and other applications. On
the other hand, the growth mode of UPLEs during preparation
can also affect their properties. Different preparation methods
can result in different growth modes, such as particle growth by
aggregation or nucleation and growth. For example, the anneal-
ing method can lead to rapid nucleation and growth, resulting
in small particle size and high surface area, while solvothermal

synthesis (one of the wet chemical methods) can lead to slow nu-
cleation and growth, resulting in larger particle size and lower
surface area. The preparation method can also affect the chemical
bonding strength of UPLEs. For instance, calcination of UPLEs
at high temperatures can lead to the formation of stronger metal-
oxygen bonds, while the use of surfactants can lead to weaker
bonds due to the interaction of surfactants with metal ions dur-
ing synthesis. The particle size and distribution of UPLEs are
also influenced by the preparation method. For example, pre-
cipitation methods can lead to large particle size and broad size
distribution, while hydrothermal synthesis can produce uniform
particle size distribution. Further, the catalytic activity of UPLEs
can also be affected by the preparation method. For example, the
use of different surfactants during synthesis can affect the sur-
face chemistry of UPLEs, which in turn influences their catalytic
activity. Similarly, the size and morphology of UPLEs can affect
their catalytic activity by affecting their surface area and the num-
ber of active sites. In summary, the preparation method of UP-
LEs can significantly affect their morphology, structure, growth
mode, chemical bonding strength, particle size distribution, and
catalytic activity. Researchers should carefully consider these fac-
tors when selecting a preparation method for UPLEs and when
interpreting their properties and performance in applications.

The strategies mentioned above are only tools for experimen-
tal design, and they can be used alone or in combination. In
recent years, UPLEs have been the trend of HER catalysts, be-
cause of their outstanding catalytic performance (Table 2). UP-
LEs can reach the current density of 10–20 mA cm−2 with only a
very small voltage both in 0.5 m H2SO4 and 1.0 KOH electrolyte.
Moreover, the addition of Pd and Mo has been shown to improve
the HER performance of UPLEs under high current densities,
achieving the durability over 100 h, as they can alter the electronic
and surface properties of the catalyst. In conclusion, while UPLEs
remain the most efficient electrocatalysts for HER, their perfor-
mance under high current density conditions can be improved
by carefully designing the catalyst structure and composition to
minimize the bubble effect and enhance mass transfer.

4. Interaction between Different Metal-Based
Components of UPLEs

Recently, transition metals (TMs), transition metal oxides
(TMOs), transition metal hydroxides (TMOHs), and transition
metal phosphides (TMPs), have become indispensable assistants
of Pt electrocatalysts for HER applications. The interaction and
electronic optimization between them have been regarded as the
key, which could enhance the HER activity. However, it is almost
a black box for researchers when it comes to electronic regula-
tion. Numerous density functional calculations (DFT) have been
carried out to reveal the most possible scenarios.

4.1. With TM

The combination of Pt with transition metals (TMs) can mod-
ulate the d-band center and promote the absorption and des-
orption process of H+ and OH−. So far, transition metal-based
compounds have shown extraordinary catalytic activity for the
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Table 2. Recently reported Pt-based HER catalysts.

Catalyst Overpotential [mV] Current density [mA cm−2] Tafel slope [mV dec−1] Pt loading Electrolyte Refs.

1.2%PtCo/NPC 14.2 10 21.2 1.2 wt% 0.5 m H2SO4 [34]

Pt-T/G-150 30 10 30 1.42 wt% 0.5 m H2SO4 [127]

Pt1/OLC 38 10 36 0.27 wt% 0.5 m H2SO4 [22]

Pd-Cu/Pt 22.8 10 25 — 0.5 m H2SO4 [62]

PtCu NSs/C 26.8 10 28.4 — 0.5 m H2SO4 [23]

Pt/RuCeOx-PA 41 10 31 0.49 wt% 0.5 m H2SO4 [112]

Pt/GNs 25 10 33 14.7 wt% 0.5 m H2SO4 [128]

Pt/NPC 21.7 20 36.3 1.82 wt% 0.5 m H2SO4 [129]

Pt/def-WO3@CFC 42 10 61 — 0.5 m H2SO4 [89]

Ni-MOF@Pt 43 10 30 20 wt% 0.5 m H2SO4 [130]

102 10 88 1.0 KOH

Pt-TiN NTAs 71 10 46.4 — 0.5 m H2SO4 [131]

ALD50Pt/NGNs — 10 29 2.1 wt% 0.5 m H2SO4 [16]

Pt2Co8@N-C 47 20 48 — 0.5 m H2SO4 [121]

Pt@CoS 28 10 31 — 1.0 m KOH [122]

Pt3Co/NG-700 13 10 27.4 9.6 wt% 0.5 m H2SO4 [119]

Ti3C2Tx-PtSA 38 10 45 0.84 wt% 0.5 m H2SO4 [117]

Pt3Ni3 NWs/C-air 40 10 — — 1.0 m KOH [132]

Pt/RuOx-PA 41 10 31 0.49 wt% 0.5 m H2SO4 [112]

Pt-WO3 39 10 32.9 4.43 wt% 0.5 m H2SO4 [113]

HCS-N-Pt 14.4 10 22 0.05 wt% 0.5 m H2SO4 [111]

PtW NWs/C 18 10 29 — 1.0 m KOH [109]

Pt@mh-3D MXene 12 10 24.2 2.4 wt% 0.5 m H2SO4 [133]

31 10 41 1.0 m KOH

Pt/HMCS 20.7 10 28.3 5.08 wt% 0.5 m H2SO4 [134]

46.2 10 48.1 1.0 m KOH

Pt-Ni(N) 13 10 29 — 1.0 m KOH [96]

Pt-Co2P 2 10 44 3.86 wt% 1.0 m KOH [66]

58 100 — 1.0 m KOH

Pt-Pd@NPA 28.1 10 31.2 4.9 μg cm−2 0.5 m H2SO4 [135]

107.5 500 — 0.5 m H2SO4

137.7 1000 — 0.5 m H2SO4

Pt SAs/MoO2 9.3 10 28.78 1.1 wt% 0.5 m H2SO4 [136]

81.3 100 — 0.5 m H2SO4

— 1000 — 0.5 m H2SO4

14 10 36.86 1.0 m KOH

HER.[18,137–138] They could adjust the electronic structure of Pt
by interacting, which could also achieve the effect of reducing
the Pt loading and improving the catalytic activity. As shown in
Figure 13, to further explore the role of these potential active sites
(Pt NPs and Co-N4-C) on the HER catalytic performance, Sun and
coworkers calculated the energy barrier of water dissociation on
different sites.[137] The energy for H–OH bond cleaving was down
to 0.73 eV for the combination of Pt NPs and Co-N4-C, which
was much lower than single Pt NPs (1.07 eV) and single Co-N4-C
(2.26 eV). The drop in the water dissociation energy implies that
this combination can increase the HER kinetics of the catalyst in
an alkaline environment, as the Volmer step becomes the rate-
limiting step (Figure 13a). In addition, this combination showed

a more moderate hydrogen binding energy of 0.23 eV, indicat-
ing that the interaction between Pt NPs and Co-N4-C could also
improve the HER performance in acidic media (Figure 13b).

Yin et al. used DFT calculations to reveal the underlying mech-
anism for the improvement of HER activity.[18] In Figure 14a,b,
PtCo@PtSn delivered the lowest ΔGH* (0.03 eV), comparing
with PtCo (−0.174 eV), PtSn (0.398 eV), and Pt (−0.233 eV),
which indicated that the interaction between PtCo and PtSn
alloys can modify the HER catalytic performance. Besides, the
barrier for water dissociation of PtCo@PtSn was 0.49 eV, lower
than PtCo (0.61 eV), PtSn (0.65 eV), and Pt (0.7 eV), suggesting
that alloying with Co and Sn could accelerate water splitting.
The projected density of states (PDOS) was additionally carried
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Figure 13. Calculated energy barriers of HER on different active sites of ZIF-67-Pt/RGO a) in alkaline, b) in acid. Reproduced with permission.[137]

Copyright 2020, American Chemical Society.

Figure 14. a) ΔGH* and TS energy calculated at different adsorption sites for all catalysts, insets: schematic illustration of H adsorption, and reaction
energy diagram of water dissociation of all samples. b) Reaction energy diagram of water dissociation of all samples. c) PDOS analysis of Pt and d-band
center values of all samples. Reproduced with permission.[18] Copyright 2021, Wiley-VCH.

out to investigate the d-band center of the catalyst. Figure 14c
illustrates that the d-band of Pt has been adjusted by Co and
Sn. As already known, a lower d-band center indicates more
electrons filled in the antibonding state, which could accelerate
the desorption of H* from Pt active sites.

4.2. With TMOs and TMOHs

Transition metal oxides and transition metal hydroxides (TMOs
and TMOHs) are often used to accelerate the Volmer step, due
to their strong affinity with OH−. Meanwhile, the interaction
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Figure 15. a) Calculated free energy diagram for H2O dissociation and H2 desorption on the Pt surface (blue) and NiO/Pt interface (red). Insets show
the optimized structures at different reaction stages. The large dark blue, small light blue, red, and white balls represent Pt, Ni, O, and H atoms,
respectively. Reproduced with permission.[139] Copyright 2018, American Chemical Society. b) Top view of the slab models of Co(OH)2 and the top
view of the calculated electron density differences of the Pt atom in PtSA–Co(OH)2, and bulk Pt. c) Calculated adsorption energies of H* and H2O on
the surface of Co(OH)2, PtSA–Co(OH)2 and bulk Pt, and the calculated PDOS of d orbitals of bulk Pt, PtSA–Co(OH)2 and Co(OH)2. Reproduced with
permission.[64] Copyright 2020, Royal Society of Chemistry.

between TMOs/TMOHs and Pt can also optimize the electronic
structures of Pt. Wang et al. prepared highly dispersed Pt on
NiO@Ni films, then carried out DFT calculations to shed some
light on the interaction between Pt and NiO.[139] Figure 15a
shows that the calculated free energies for H2O dissociation
and H2 desorption of Pt and NiO/Pt. It is obvious that the
dissociation energy barrier on NiO/Pt was reduced, highlighting
the role of NiO and interaction between Pt and NiO for hydrogen
generation. This result suggested that the Volmer step on NiO/Pt
surface will no longer be sluggish. Wang’s team used DFT cal-
culations to show the electron could be transferred between
Co(OH)2 and PtSA (Figure 15b).[64] Furthermore, PtSA–Co(OH)2
catalyst showed the smallest energies barrier of adsorbing H*
(−0.088 eV), and the d-band was also modified, as shown in Fig-
ure 15c. These results implied that the electron cloud gathered

around the top of the Pt regions could be useful to accelerate
HER kinetics.

4.3. With TMPs

Many studies have shown that phosphorus has excellent elec-
trocatalytic of HER when forming transition metal phosphides
(TMPs) with Co, Ni, Mo, and other transition metals.[64,139-145] At
the same time, the lattice parameter of phosphide is very close
to that of Pt, so it is possible to combine the two to reduce cata-
lyst cost. Computational studies have shown that P atoms exhibit
electronegativity and could attract electrons from metal atoms to
form electronegative P atoms. Liu and his team calculated the
free energy diagram of HER process on the surface of Ptat-CoP

Adv. Sci. 2023, 2301098 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2301098 (16 of 23)

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202301098 by T

est, W
iley O

nline L
ibrary on [18/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advancedscience.com

and Pt (111) facets.[139] In the first step of water splitting, the free
energy on Ptat-CoP was −0.457 eV, which tended to be an exother-
mic process (Figure 16a). On the contrary, the kinetics of water
adsorption on Pt (111) facets were notably sluggish, with an en-
ergy barrier of 1.041 eV. Also, in Figure 16a, the free energy of
H* adsorption was slightly influenced by CoP, 0.168 eV for Ptat-
CoP, close to Pt (111) facets (0.105 eV). The interaction between
Ptat and CoP was further explained by PDOS: the d-band center
of Pt in Ptat-CoP (−4.39 eV) was downshifted compared with Pt
(111) facets. Additionally, 5d orbitals of Pt were hybridized with
2p orbitals of P (Figure 16a). These results suggested that the out-
standing HER performance of Ptat-CoP was originated from the
interaction of Ptat and CoP, turning H2O dissociation to be ther-
modynamically spontaneous. Qu et al. reported a strategy to fur-
ther improve the HER performance by using the ethylene glycol
(EG).[140] In the case of the Pt/CoP catalyst, H* adsorption pref-
erentially happened around the Pt (site a: Pt-Pt bridge, −0.18 eV;
site b: Pt-top, −0.21 eV, and site c: Pt-Co bridge, −0.41 eV) instead
of CoP (site d, 0.09 eV). Thus, during the HER process of Pt/CoP
catalyst, a huge energy barrier between Pt sites to CoP sites hin-
dered the transition of adsorbed H*, indicating the limited effi-
ciency of hydrogen generation. After introducing EG, ΔGH* of
site a–d changed significantly (Figure 16b). More antibonding
electronic states were filled with farther d-band center from the
Fermi Level (0 eV), which weakened the adsorption of H*. The
reduced barrier between Pt and CoP sites promoted the transmis-
sion of H* and the catalytic performance of HER. Furthermore,
moderate interaction of P–H bond optimizes the HER activity
and stability of TMPs. However, these electrocatalysts, loading
TMPs directly on carbon carriers, still suffer from the checked
charge transmission and the limited active surface due to the
stacked TMPs on the surface of carbon carriers. In this respect,
TMPs can be grown in situ on the metal-based foams or loaded
dispersedly on porous carriers, which can help TMPs distributed
uniformly on the carrier and avoid stacking during nucleation.
Additionally, incorporation of noble metals (such as Pt) can mod-
ify the surface electronic structure of TMPs, modulating the wa-
ter dissociation energy and H* adsorption.

As for the common DFT calculations for UPLEs can provide
insight into the mechanism of the HER reaction. The adsorption
energy is the energy required to adsorb a hydrogen atom onto a
Pt surface. Lower adsorption energy barrier indicates better HER
activity. The density of states and band structure can provide how
the charges transfer from other components of UPLEs to Pt and
enhance the desorption of hydrogen intermediates. Moreover,
the reaction pathways can be used to calculate the energy bar-
riers for the HER on Pt active sites. This can provide insight into
the rate-limiting step of the reaction and identify ways to improve
the HER activity.

In conclusion, Pt can interact with TMs, TMOs, TMOHs, and
TMPs in different ways depending on the specific conditions of
the interaction. Here are some of the essential differences in
their interactions. When Pt interacts with other TMs, it can form
solid solutions, alloys, and intermetallic compounds. Pt-TM al-
loys have high catalytic activity and can be used in various appli-
cations such as fuel cells and catalytic converters. The strength
of the Pt-TM interaction depends on the electronegativity and
atomic size of the TM, and it can affect the morphology and struc-
ture of the resulting materials. When Pt interacts with TMOs, it

can form oxide-supported Pt nanoparticles. These materials have
high catalytic activity and selectivity for various reactions, includ-
ing hydrogenation and oxidation. The interaction between Pt and
TMOs depends on the nature of the oxide support, the size and
shape of the Pt nanoparticles, and the surface area of the oxide
support. When Pt interacts with TMOHs, it can catalyze various
reactions such as hydrogenation and dehydrogenation. The in-
teraction between Pt and TMOHs depends on the pH of the so-
lution, the nature of the hydroxide, and the oxidation state of the
Pt. When Pt interacts with TMPs, it can form intermetallic com-
pounds with high catalytic activity and selectivity for various reac-
tions such as hydrogenation and dehydrogenation. The interac-
tion between Pt and TMPs depends on the electronegativity and
atomic size of the phosphide and the oxidation state of the Pt.
Overall, the interactions between Pt and other transition metals,
oxides, hydroxides, and phosphides can lead to a wide range of
materials with unique properties and applications. The specific
nature of the interaction depends on various factors such as the
chemical composition, structure, and surface properties of the
materials involved.

5. Summary and Perspective

As shown in Figure 17, hydrogen generation from the water
electrolysis is undoubtedly a promising technology for green
hydrogen production, and UPLEs could achieve a great balance
between the low cost and high HER catalytic activities. In this
review, we introduced several synthetic routes of UPLEs reported
over the last few years. Here, it is worth noting that the prepa-
ration method is not static. The design of catalysts should be
highlighted, including components and structures. Carriers also
play important roles in designing UPLEs. Those with high spe-
cific surface area, rich pore structure, or rich defects can anchor
Pt and accelerate HER kinetics (from water dissociation, H*
adsorption to hydrogen desorption) through interactions. Mean-
while, a part of the Pt in UPLEs exist in the form of single atoms
or clusters, which maximizes the AUE. Overall, the development
of UPLEs for HER is a multidisciplinary field that involves a
combination of experimental synthesis and characterization,
theoretical modeling and simulation, and engineering design
and optimization. Ongoing research in this area holds great
promise for advancing the state-of-the-art in electrocatalysis and
enabling the widespread deployment of sustainable hydrogen
production technologies.

Although current findings are promising, more efforts should
be focused on the following areas:

1) Since the study of structural changes at an atomic scale is
crucial for understanding the mechanism of the interaction
between active sites during the HER process, the most ef-
fective method so far is the Extended X-ray absorption fine
structure (EXAFS) measurement, which is not widely avail-
able. Further, the design of an in situ cell for X-ray absorption
fine structure (XAFS) measurements during electrochemical
testing is a specialized area of research which is still need to
be modified. The main goal of an in situ cell design for XAFS
measurements during electrochemical testing is to allow the
sample to be exposed to a controlled electrochemical envi-
ronment while maintaining good signal-to-noise ratio in the
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Figure 16. a) Gibbs free energy diagram of the HER process on Ptat–CoP and Pt (111) facets; and the PDOS and band centers of Pt 5d, Co 3d, and P 2p
in Ptat–CoP; Co 3d and P 2p in CoP; Pt 5d in Pt (111) facts. Reproduced with permission.[140] Copyright 2020, Royal Society of Chemistry. b) Calculated
free energy diagram for hydrogen spillover on Pt/CoP (gray) and EG-Pt/CoP (purple); Insets are the optimized H* adsorption structures at various sites,
and the partial DOS plots of Pt/CoP (gray) and EG-Pt/CoP (purple); black line shows the position of d-band center. Reproduced with permission.[141]

Copyright 2019, Royal Society of Chemistry.
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Figure 17. Schematic diagram of different UPLEs synthetic routes.

XAFS spectra. The in situ cell should have transparent win-
dows made of materials, allowing X-rays to pass through the
sample. Also, it must be hermetically sealed to prevent con-
tamination of the electrolyte or gas by air or moisture. O-rings
or epoxy seals are commonly used for sealing. If the sample
is exposed to gas during the electrochemical testing, the in
situ cell must be gas-tight to prevent leakage of the gas. Over-
all, the design of an in situ cell for XAFS measurements dur-
ing electrochemical testing is a complex process that requires
careful consideration of many factors, including the nature
of the sample, the electrochemical conditions, and the X-ray
absorption edge of interest.

2) Many researchers have provided feasible ideas and infor-
mation for HER through DFT, XRD, TEM, and XPS, etc.
Among those characterization techniques PDF (Pair Dis-
tribution Function) analysis is a mathematical technique
that uses X-ray or neutron scattering data to determine
the distribution of atoms in a material on a local scale. By
analyzing the way that X-rays or neutrons scatter off of the
atoms in a material, PDF analysis can provide information
about the distances between atoms and the way that they
are arranged in the material. PDF could be a useful tool to
investigate the structure of electrocatalysts before and after
electrochemical testing. Electrocatalysts are materials that
are used to catalyze chemical reactions that take place during
electrochemical processes, such as fuel cells, batteries, and
electrolysis cells. During these processes, the electrocatalysts
can undergo changes in their structure and composition,
which can affect their catalytic activity and durability. PDF
analysis can provide valuable information about the local
atomic structure of electrocatalysts, such as the distribution
of metal atoms, the coordination of metal ions with ligands,
and the presence of defects or disorder. By analyzing the
changes in the PDF patterns of electrocatalysts before and af-
ter electrochemical testing, researchers can gain insights into

the structural changes that occur during the electrochemical
process. Moreover, other interfacial structure characteriza-
tion techniques to observe the real-time changes of active
sites during electrochemical processes are urgently required.
For example, the in situ infrared spectroscopy could be used
to characterize the adsorption status of groups on the catalyst
surface or using in situ Raman spectroscopy to observe the
changes in surface metal sites during electrocatalysis.

3) The stability of Pt-based metal electrocatalysts is still one of
the research hotspots in recent years. In the process of hy-
drogen generation, especially under acidic conditions, the Pt
loading on the working electrode could more easily be dis-
solved and reduced, which greatly affects the stability of Pt-
based catalysts. Therefore, forming ordered alloys with tran-
sition metals is a feasible strategy to improve the stability of
Pt-based catalysts. In alkaline solution, Pt will slightly be dis-
solved and reduced during the hydrogen evolution, but the
huge energy barrier of water dissociation remains to be a
problem. Here, combining with more stable transition metal
derivatives should be useful. However, many work need to be
done to develop the Pt-based catalysts for a wide-range pH
value.

4) To realize the commercial application of hydrogen energy,
a strategy suitable for large-scale production should be pro-
vided, being originated from the existing strategies summa-
rized above. For industrial applications, the durability usually
counts for months or even years, far exceeding the current
reported testing time. Moreover, UPLEs should be improved
to be robust and highly efficient under a high current density.
To this end, how to protect the active sites from migration or
aggregation during long-term water electrolysis means a lot
to the commercialization process. In addition to H2 gener-
ation, Pt-based catalysts have also been widely used in ORR
and methanol/ethanol oxidation reactions. Usually, 1–5 nm
Pt clusters or Pt single atoms can be obtained in UPLEs.
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However, the precise control of Pt-based electrocatalysts is
only in the laboratory-scale. How to mass-produce UPLEs
for commercial fuel cells such as direct methanol fuel cells
and proton exchange membrane fuel cells is still a technical
bottleneck.
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