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An attractive strategy was demonstrated to manage the interfacial
dissolved-gas concentration for the hydrogen evolution reaction.
This work provides a comprehensive understanding of
gas-involved electrocatalytic process and a rational design of
high-performance reaction interface towards the hydrogen
evolution reaction.
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A facile perfluorooctanesulfonate (PFOS)-modulation strategy was
developed to precisely control the dissolved-gas concentration at
the electrode/gas/electrolyte interface for enhanced HER. With
PFOS modulation, lowered dissolved-hydrogen concentrations at
the catalytic interface and sufficient exposure of the surface active
area can be achieved. Accordingly, relative to pure Pt, PFOS-modulated
Pt possesses a remarkable HER performance.

Hydrogen is widely regarded as a promising alternative fuel
towards a sustainable energy economy owing to its zero carbon
footprint and high energy capacity." The hydrogen evolution
reaction (HER) has therefore attracted much attention for
scalable production of hydrogen with the advantages of high-
purity products, accessible reactants and sustainable processes.>™
To reduce the overpotential during the HER and achieve a high
energy conversion efficiency, tremendous efforts have been made
to develop various strategies, such as tuning the adsorption of
reaction intermediates on catalysts through manipulating the
electronic properties, and maximizing the number of exposed
active sites by tailoring the structure of the catalysts."® For a
gas-involved electrocatalytic reaction, the dissolved-gas con-
centration at the electrode/gas/electrolyte interface, where the
catalytic reaction occurs, plays a crucial role in the electro-
catalytic performance.'" Specifically, in a gas-evolving reaction,
the overpotential at the interface has been demonstrated to be
associated with the concentration of dissolved gas."”” A low
concentration of dissolved hydrogen near the electrode/electro-
lyte interface can result in a large decrease of overpotential at
the interface and thus an elevated hydrogen evolution current.*?
Therefore, it is meaningful and fundamentally important to
precisely control the dissolved-gas concentration at the electrode/
gas/electrolyte interface for the HER.

Owing to their important role in well-controlled synthesis of
structured catalysts, surfactants have been widely employed to
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modify the morphology, facets and sizes of catalysts through
tuning the surface energy."*'® For instance, Zeng and co-workers
have fabricated cadmium sulfoselenide nanorods with a uniform
morphology and size for electrocatalysis using ethylenediamine as
the capping surfactant.'” In addition, platinum-based catalysts
with designed nanostructures have been synthesized using sodium
dodecylsulfate, hexadecyltrimethylammonium bromide, or oleyl-
amine as the surfactants.'®>' In particular, these surfactants
have a significant impact on the surface tension of the electrolyte
solution at the electrode/electrolyte reaction interface,* making
it a promising approach to manage the electrode/gas/electrolyte
interface in gas-involved catalytic reactions.

Herein, by using platinum as the platform, we present a simple
and facile strategy to tune the dissolved-gas concentration at the
electrode/gas/electrolyte catalytic interface via potassium per-
fluorooctanesulfonate (PFOS) modulation for a dramatically
enhanced HER. The addition of PFOS was demonstrated to lower
the dissolved-H, concentration at the reaction interface. More-
over, the desorption of PFOS from the electrode during the HER
was monitored to ensure the sufficient exposure of surface active
area. Benefiting from the lowered dissolved-gas concentration and
sufficient exposure of surface area at the interface, PFOS-modulated
Pt exhibited a remarkable electrocatalytic performance towards the
HER. Relative to pure Pt, the PFOS-modulated Pt yielded a much
lower overpotential of 27 mV at a cathodic current density of
10 mA cm 2. Moreover, the PFOS-modulated Pt showed a current
density of 26.77 mA cm ™ at the overpotential of 0.04 V, which was
2.4-fold higher than that of pure Pt.

To begin with, the Pt nanoelectrode was fabricated via a
typical electrochemical sharpening process to investigate the
reaction process at the electrode/gas/electrolyte interface.”*>*
As shown in Fig. S1 (ESI{), a sharp Pt tip with a radius of
curvature of 26 nm was first prepared through electrochemical
etching. The as-prepared Pt tip was then sealed in glass and
polished with the monitoring of an electronic feedback circuit
to obtain the Pt nanoelectrode with an exposed nanodisk. The
radius of the Pt nanoelectrode was determined to be 19 nm
by the voltammetric steady-state diffusion-limited current for
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Fig. 1 (A) Typical i—E response of Pt nanoelectrodes recorded at a sweep
rate of 100 mV s~% (B) In situ observation of bubble generation at the
interface for PFOS-Pt and pure Pt with different currents.

proton reduction (Fig. S2, ESIt). The generation of a single nano-
bubble on the Pt nanoelectrode was then monitored using the
typical voltammetric method.*® In comparison, PFOS-modulated P,
denoted as PFOS-Pt, was measured with the addition of PFOS
surfactants at a concentration of 10 > mg mL™'. As shown in
Fig. 1A, with a negative scan of voltage, the current of both the
PFOS-Pt and pure Pt nanoelectrodes showed a rapid increase
until it reached a peak value (i,), suggesting the formation of a
single nanobubble at the surface of the Pt nanoelectrodes.>® The
smooth and continuous -V responses indicated that no bubble
formed during this voltage range. Notably, with the addition of
PFOS, the PFOS-Pt nanoelectrode exhibited a much lower peak
potential than that for the pure Pt nanoelectrode, indicating the
facilitated formation of a hydrogen bubble. Meanwhile, the peak
current showed an obvious decrease from 11.7 nA to 7.5 nA with
PFOS modulation. Given the proportional relationship between the
peak current and the critical dissolved-H, concentration (Cy)
needed for bubble formation,” which can be described by:

ip = 4nFDy,Cy a (1)

where Dy is the diffusivity of H, and a is the radius of the nano-
electrode, the significantly decreased peak current of PFOS-Pt
suggested a much lowered dissolved-H, supersaturation at the
electrode/electrolyte interface, in accordance with the promoted
bubble generation. The dissolved-H, concentration at the interface
was as low as 0.11 M for PFOS-Pt. The H, bubble generation at the
reaction interface was further demonstrated by Pt wire electrodes
using an optical microscope with a charge-coupled device (CCD).
Fig. 1B shows the microscopic images of bubble formation at the
surface of PFOS-Pt and pure Pt electrodes. The applied currents for
H, evolution were stepped from 107> A to 5 x 10 * A with a
duration time of 10 s at each current step. Obviously, relative to the
pure Pt, the PFOS-Pt electrode required a much lower current of 5 x
107> A for H, bubble formation, confirming the reduced demand
of dissolved-H, supersaturation and facilitated bubble generation
at the reaction interface with PFOS modulation. In addition to the
lowered dissolved-H, supersaturation at the reaction interface, the
facilitated bubble formation could lead to a further decrease of
dissolved-gas concentration at the reaction interface. The relation-
ship between the overpotential at the interface and the concen-
tration of dissolved gas in a gas-evolving reaction®® is described by:

RT C
e = Sgﬁ In Csit [Z)
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where 7, represents the interfacial overpotential magnitude induced
by the dissolved-gas concentration, C, is the concentration of
dissolved gas at the interface, and C** is the saturation concen-
tration. The largely decreased concentration of dissolved gas at the
interface with PFOS modulation can lead to a significantly depressed
overpotential, thereby promoting the electrocatalytic HER rate.

As for Pt electrocatalysts, previous mechanistic studies have
revealed that the presence of surfactants could hinder the
interaction between reaction intermediates and catalytic active
sites, and thus have a significant impact on the catalytic
performance.’*? To gain an in-depth understanding of the
behaviours of PFOS surfactants during the HER process, we
evaluated the electrochemical active surface areas (ECSAs) of
PFOS-Pt during galvanostatic measurement at a cathodic current
density of 10 mA cm 2. The ECSAs were calculated by collecting
the charge in the H,q adsorption/desorption region after double-
layer correction (Fig. S3, ESIT) and assuming a value of 210 pC cm >
for the adsorption of a monolayer of hydrogen on the Pt surface.*
Before the galvanostatic test, PFOS-Pt showed an initial ECSA of
0.117 cm?, smaller than that of 0.155 cm? for pure Pt, indicating the
partial blockage of surface active sites by PFOS addition. However,
after the galvanostatic measurement for 40 s at 10 mA cm ™2, the
PFOS-Pt exhibited an increase of 10.6% in ECSA (Fig. 2A). Such an
increase in ECSA for PFOS-Pt indicated the efficient desorption of
PFOS surfactants from the surface of the Pt electrode during the
HER process. The desorption of PFOS could be attributed to
the electrostatic interaction between the anionic surfactants and
the negatively charged Pt surface.>*® In contrast, without the PFOS
modulation, the pure Pt showed a decrease of 6.7% in ECSA
after 40 s, which is mainly derived from the dramatic damage of
the electrode structure during the continuous HER,*® further
suggesting the desorption of PFOS for the PFOS-Pt electrode. To
further investigate the PFOS behaviours on the Pt electrodes, the
ECSAs of PFOS-Pt with different galvanostatic reaction times
were measured (Fig. 2B). With the increase of catalytic reaction
time, the ECSAs of PFOS-Pt showed a similar decreasing trend to
that of the pure Pt electrode. In particular, after the galvano-
static reaction for 160 s, the ECSA of PFOS-Pt was 0.091 cm?,
consistent with the ECSA of 0.093 cm® for pure Pt, further
demonstrating the desorption of PFOS from the surface of the Pt
electrode. Moreover, relative to pure Pt, the normalized ECSAs for
PFOS-Pt showed a similar decreasing trend and larger values after
the long-term galvanostatic test (Fig. S4, ESIt), further suggesting
the desorption of PFOS. As such, the desorption of PFOS from the
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Fig. 2 (A) Comparison of normalized ECSA for PFOS-Pt and pure Pt after
the galvanostatic test for 40 s at 10 mA cm 2. (B) ECSA of PFOS-Pt and Pt
before and after the long-term galvanostatic test.
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Pt surface during catalytic processes can ensure sufficient
exposure of surface active areas, leading to an efficient HER.

The electrocatalytic HER properties of PFOS-Pt were further
evaluated in a N,-saturated 0.5 M HCIO, solution in comparison
with pure Pt. Fig. 3A shows the typical polarization curves
recorded via linear sweep voltammetry (LSV) at a slow sweep
rate of 2 mV s~ and a rotating speed of 1600 rpm. The rotating
speed was applied during the test to remove the generated
bubbles (Fig. S5, ESIT). The ohmic potential drop (iR) losses
from the electrolyte were all corrected before comparison.
Notably, PFOS-Pt exhibited a remarkable performance with a
much earlier HER onset potential and higher current densities
than those of pure Pt. At the cathodic current density of
10 mA cm™ 2, which represents a metric related to the solar fuel
conversion,’” the overpotential of PFOS-Pt was only 27 mV,
much lower than that of pure Pt (38 mV). Moreover, the inset
shows the cathodic current densities at the overpotential of
0.04 V, making it available to directly compare the electrocatalytic
activities. The PFOS-Pt presented a cathodic current density of
26.77 mA cm™ 2, which was 2.4 times as high as that of pure Pt,
suggesting the much enhanced HER performance with PFOS
modulation. Furthermore, the corresponding Tafel plots were
evaluated to gain in-depth insight into the hydrogen evolution
activity. As shown in Fig. 3B, PFOS-Pt possesses a relatively smaller
Tafel slope of 26 mV dec™ " than that for pure Pt (32 mV dec "),
demonstrating the accelerated HER kinetics. The results indicated
that the HER process occurred following a Volmer-Tafel mechanism,
in which the recombination of adsorbed H species acts as the
rate-determining reaction.*® The small Tafel slope induced by
PFOS modulation could drive a large catalytic current at low
overpotential, which is in accordance with the elevated activities
shown by polarization curves and beneficial for practical appli-
cations. The activity enhancement was also observed using Pt
mesh and Au with PFOS modulation (Fig. S6, ESIT). In addition,
the durability tests under a constant cathodic current density of
10 mA cm 2 indicate that PFOS-Pt possesses better durability
than pure Pt (Fig. S7, ESIt). Taken together, the enhancement of
the catalytic performance for PFOS-Pt could be attributed to the
following factors: (i) lowered dissolved-H, concentration at the
electrode/electrolyte interface due to the PFOS modulation, and
(ii) sufficient exposure of the surface active area due to the
efficient desorption of surfactants, leading to a remarkably
promoted HER rate.
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Fig. 3 (A) iR-corrected polarization curves of PFOS-Pt and pure Pt in
N,-saturated 0.5 M HCLO,4 solution. The inset shows the current densities
of PFOS-Pt and pure Pt at the overpotential of 0.04 V. (B) Tafel plots of
PFOS-Pt and pure Pt.
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Fig. 4 (A) CV curves of PFOS-Pt with different PFOS concentrations
recorded at a sweep rate of 50 mV s~1 (B) HER specific activities of
PFOS-Pt normalized by ECSA.

In addition, to further investigate the concentration-dependent
HER performance, PFOS-Pt with different PFOS concentrations
(1077,107° and 10> mg mL ") was also measured. Fig. 4A shows
the typical CVs obtained in a N,-saturated 0.5 M HCIO, solution at
a scan rate of 50 mV s . Notably, with the increase of PFOS
concentration, the ECSAs, which were calculated from the Hypq
adsorption/desorption regions, exhibited a decrease. The corres-
ponding HER activities of PFOS-Pt increased monotonically, with
PFOS concentrations rising from 107" mg mL ™" to 10> mg mL ™"
(Fig. S8, ESIY). In particular, PFOS-Pt with the PFOS concentration
of 107> mg mL ™" displayed the smallest overpotential and lowest
Tafel slopes among all the tested electrodes. The 10> PFOS-Pt
also showed a better activity than those with PFOS concentrations
higher than 107> mg mL™" (Fig. S9, ESIt). To better understand
the surface effects, the specific activities of PFOS-Pt were com-
pared through normalizing the currents by active surface area. As
illustrated in Fig. 4B, 10~° PFOS-Pt exhibited a cathodic current
density of 43.96 mA em ™ %gesa at the fixed overpotential of 0.04 V,
which was 1.4, 1.9 and 3.2 times as high as that of 10~° PFOS-Pt,
10~7 PFOS-Pt and pure Pt. In view of the 16.9% variation in ECSA
during the HER (Fig. S10, ESIt), the significantly increased current
density for 10~° PFOS-Pt further demonstrated the largely boosted
intrinsic activity.

In summary, we develop an ingenious PFOS-modulation
strategy with precisely managed dissolved-gas concentration at
the electrode/gas/electrolyte interface for highly efficient hydrogen
evolution. With the modulation of PFOS, facilitated bubble
generation and decreased dissolved-gas concentration at the
reaction interface can be achieved. Meanwhile, the desorption
of PFOS for the sufficient exposure of surface active area of the
electrode was also monitored during the HER, leading to a
remarkably improved HER performance. This work provides a
systematic understanding of the gas-involved catalytic process at the
electrode/gas/electrolyte interface and a convenient approach to
realizing high-performance electrocatalysis based on precisely con-
trolling the dissolved-gas concentration at the catalytic interface.
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