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Introduction

High performance, binder-free electrodes with
single atom catalysts on doped nanocarbons for
electrochemical water splitting synthesized using
one-step thermally controlled delamination of thin
films+t

Efrat Shawat Avraham,}® Bibhudatta Malik,1*¢ Alina Yarmolenko,}®¢
Rajashree Konar, © 3¢ Sergei Remennik, & € Gili Cohen Taguri,? Sandro Zorzi,®
Elti Cattaruzza, ©° Michael Yakov Hubner® and Gilbert Daniel Nessim*2®

Developing high performance catalysts for electrochemical water splitting is critical for an efficient and
sustainable route to hydrogen production. For this, single-atom catalysts (SACs) are the best candidates,
as they offer the highest atom efficiency. However, current methods to produce SACs involve a complex
synthesis, often requiring multiple lengthy and expensive steps and yielding an insufficient density of
single atoms. Here, we report a one-step chemical vapor deposition (CVD) synthesis to produce free-
standing (FS) electrodes with Ni SACs on a matrix of sulfur-doped carbon nanofibers (CNFs), referred to
as SACs@nanocarbon. The mechanism is based on a temperature-controlled delamination of thin films,
with Au in contact with a SiO, substrate, leading to the nucleation and growth of SACs@nanocarbon.
Advanced characterization methods indicate the presence of Ni and Au single atoms and larger gold
aggregates on the CNF matrix surface. These non-platinum group metal (non-PGM) electrodes showed
exceptional performance for the oxygen evolution reaction (OER) and hydrogen evolution reaction
(HER). They performed for over 20 000 cycles with negligible change in overpotential at higher currents,
with low onset overpotentials of 305 mV at 10 mA cm™2 for the OER and 40 mV at 17 mA cm™2 for the
HER. The overpotential decreased to 195 mV at a current density of 100 mA cm~2. Remarkably, the
electrode performance improved over cycling, while gold was dissolving in the electrolyte. This novel
synthesis yielding SACs@nanocarbon could pave the way for the development of non-PGM, high
performance electrodes for many other electrocatalytic applications. Additionally, the new paradigm of
temperature-controlled delamination of thin films could be used to synthesize new materials.

methods to produce molecular hydrogen (H,), which can power
high-performance fuel cell vehicles and offer solutions to our

Green energy sources have the potential to meet the ever-
expanding global energy demand, considering the limited
reserves of fossil fuels and the pollution issues related to their
exploitation. Electrochemical water splitting is one of the best
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global energy crisis.>* Electrocatalytic water splitting involves
a cathodic hydrogen evolution reaction (HER) and an anodic
oxygen evolution reaction (OER).* In practice, H, evolution is
hindered by the sluggish kinetics of the OER, which requires
a four-proton-coupled electron transfer (PCET) process.’
Therefore, the OER is considered as the bottleneck of water
electrolysis, involving complex adsorption and desorption of
intermediates, thus requiring a larger overpotential to drive the
anodic reaction (E® = 1.23 V vs. RHE).® Fortunately, the use of
efficient and high-performance electrocatalysts can reduce the
overpotential of the anodic OER. Currently, noble metal-based
systems, such as IrO,, RuO,, and Pt, are used as state-of-the-
art electrocatalysts for both the OER and the HER.”® However,
noble metal systems are not appropriate for large-scale appli-
cations due to their scarcity and high cost.” In this regard,
single-atom catalysts (SACs) have emerged as a new class of OER
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electrocatalysts, as they offer 100% atom utilization and exhibit
excellent catalytic behavior compared with traditional sup-
ported nanoparticles.'>**

The HER and OER performances of a wide variety of noble
and non-noble metal SACs were examined in the literature.'” Ni-
, Co-, and Fe-based SACs on heteroatom-doped carbon systems
showed highly efficient OER electrocatalysis in alkaline
medium. Ni-doped carbon exhibited the best performance
(followed by Co and Fe).**'* Unfortunately, producing high-
density SACs presents many challenges as single atoms tend
to aggregate into metal clusters to lower their surface energy
during the synthesis.”® Various strategies such as pyrolysis,
chemical vapor deposition (CVD), atomic layer deposition, wet
chemistry, atom trapping, and photochemical methods have
been employed to limit this behavior.'*"® However, these
methods present clear drawbacks: pyrolysis produces carbon-
based supports with uncontrollable and unpredictable struc-
tures due to the degradation of metal-organic complexes. Wet
chemistry methods suffer from low SAC loading and a high
possibility of aggregation of metal nanoparticles.*® Atom trap-
ping is a complicated process requiring high temperature,
mobile atoms, and supports that can trap mobile species.”* In
most cases, the fabrication of electrodes requires many complex
and expensive steps (e.g., photolithography). Besides the above,
the main issue is the low metal loadings that limit the
commercial use of SACs.'**?

For practical applications, we need long-term stability and
robustness of electrocatalysts, in addition to their electro-
catalytic activity (e.g., overpotential, kinetics, active surface area,
faradaic efficiency, and turnover frequency). Electrodes based
on powders need binders (e.g., conducting polymers, mainly
Nafion) for immobilizing the catalytic material on the current
collector substrate. The issue with binders is that catalysts often
peel off from the current collector during electrocatalysis, thus
inhibiting long-term electrolysis and reducing current
density.>*** This issue can be resolved by using free-standing
(FS) electrodes, made of one material without any binder.
Furthermore, bi-functional catalysts for the OER/HER can lower
the production cost of electrodes for total water splitting, but
obtaining high performance catalysts remains a challenge.?

Is it possible to synthesize high performance, non-PGM, free-
standing, SA-based, bifunctional electrodes for water splitting
using a simple and economical process?

Here we demonstrate a one-step process using CVD to
produce free-standing electrodes, offers several advantages,
both in terms of process simplicity and cost, and also in terms
of good electrode performance and durability.

More specifically, we use CVD to synthesize bi-functional,
self-standing electrodes made of SACs on a sulfur-doped
nanocarbon matrix (SACs@nanocarbon) based on thermally
controlled delamination of thin films of Ni and Au. We
produced SACs@nanocarbon using a one-step chemical vapor
deposition (CVD) synthesis that included four consecutive
processes: (1) delamination of thin films from the substrate, (2)
nucleation and growth of a nanocarbon mat, (3) formation of
SACs, and (4) sulfur doping of the CNFs. This process is simple
(one-step), economical, and industrially scalable (CVD).
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The advantage of the electrodes produced is that they are
bifunctional catalysts (OER and HER) and exhibit low over-
potentials and extremely high cyclability (>20 000 cycles). The
high conductivity of the sulfur-doped nanofiber carbon mat and
its near super-hydrophobicity increase its electrical conductivity
and facilitate the homogeneous diffusion of electro-active
species and the weak interaction with water molecules further
boosts the catalytic stability. The formed carbons are crystalline
in nature, which makes them suitable for use as electrodes in
water electrolysis and their extended conductive network
accommodates single atoms (100% atom efficiency for catalytic
reactions) to catalyze the HER and OER efficiently.

Experimental section

Synthesis of Au/Ni SACs on nanocarbon mats (C-10, C-30, C-60
and C-120)

Using electron beam (e-beam) evaporation, we deposited Au (50
nm) and Ni (100 nm) on a Si wafer with 1-micron SiO, without
breaking vacuum. We then cut samples of 2.5 cm x 1 cm.
Rutherford back scattering (RBS) measurements were taken to
verify the thickness of the materials (Fig. S1f). We processed
these samples using two atmospheric pressure CVD (AP-CVD)
furnaces (Lindberg Blue TF55035C-1) in series equipped with
a fused silica (quartz) tube (internal diameter of 22 mm) with
gas flows regulated using electronic mass flow controllers (MKS
model P4B) with a digital mass flow control unit (MKS model
247D).

We placed the sample in an alumina boat at the exit of the
downstream furnace outside the heated zone. First, we purged
the reactor with 100 [scem] of He gas (99.9999%, Gas Technol-
ogies) at room temperature for 15 min until the furnace reached
the desired temperature. We then introduced 100 [sccm] of He,
200 [scem] of H, and 200 [sccm] of C,H, to delaminate the thin
film stack and to nucleate and grow the nanocarbon mat. Using
the “fast-heat” technique described in our previous publica-
tion,* the sample was kept at room temperature still positioned
outside the exit of the second furnace and entered the heated
zone only when the furnace reached the desired temperature.
We thus heated the sample without exposing it to a temperature
ramp. When the furnace reached 800 °C, the boat with the
sample was introduced into the heated zone by sliding the
quartz tube and heating for the required duration (30 s to 2 h).
At the end of the synthesis, the tube was pushed out to position
the boat containing the wafer outside the heating zone in order
to cool it under a He flow. We labeled the delaminated mats
obtained after reacting for 10 min to 2 h as C-10 (10 min), C-30
(30 min), C-60 (1 h) and C-120 (2 h) (photographs in Fig. S27).

Synthesis of Au/Ni SACs on sulfur doped CNF supports (S-C-
10, $-C-30, S-C-60 and S-C-120)

We followed the same preparation procedure reported in the
previous section, but with the addition of a second boat with
sulfur powder in the upstream furnace, while the sample with
the thin films was heated in the downstream furnace. We placed
a ceramic boat with 1 g of sulfur powder (Alfa Aesar, 99.5%, 325

This journal is © The Royal Society of Chemistry 2024
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mesh) outside the first furnace upstream of the gas flow and
a second boat with a 2.5 cm X 1 cm piece of SiO,/Au (25-100
nm)/Ni (50-200 nm) outside the second furnace downstream of
the flow.

We purged the system using 100 [sccm] of He (99.9999%) for
15 min while keeping the two boats at room temperature
(outside the heated zones) until the furnace reached equilib-
rium at the desired temperatures in the two zones to fill the
reactor with helium, thus removing all air. To grow the nano-
carbon with the SACs, we shifted the quartz tube to put the
second boat inside the downstream furnace for 30 s to 2 h while
flowing 100 [sccm] of He, 200 [sccm] of H, and 200 [sccm] of
C,H, gases. After that, using an external magnet,” we intro-
duced the boat with the sulfur powder (1 g, Alfa Aesar, 99.5%,
325 mesh) in the upstream furnace for 60 min under a flow of
100 [sccm] of He to transport the vaporized sulfur gas to the
downstream furnace to react with the sample.

At the end of the synthesis, the boat with the sulfur was
pulled out of the heated zone using the magnet and the quartz
tube was pushed out to position again the boat containing the
sample outside the heated zone to cool under a flow of helium.
The sulfur-doped delaminated mats obtained after reacting for
10, 30, 60 and 120 min are labeled S-C-10, S-C-30, S-C-60 and S-
C-120 (photographs in Fig. S27).

Experimental setup for electrochemical water splitting

We carried out electrochemical experiments using a Biologic
(VSP-128) potentiostat in a three-electrode cell. We initially
tested catalysts in powder form. Powders are usually dropcast
over a current collector, where Nafion, quaternary ammonium-
based ionomers, FuMA-tech FAA-3 and Tokuyama AS-4 are used
as binders for practical applications.*®** It is important to know
that, despite the wide use of ionomer binders in the water
electrolyzer and fuel cell industries, the use of binders is chal-
lenging. For example, particles of catalysts bonded with each
other and attached to the current collector with a binder exhibit
greater electron transfer resistance due to poor adhesiveness
between the catalyst layer and the collector, which eventually
reduces the catalytic activity.®® For our powder samples, we
ground the delaminated samples well with a pestle in a mortar
and prepared the catalyst ink by adding 4 mg of powder cata-
lysts to a mixture containing 600 pL of DI water, 350 pL of
absolute ethanol and 50 pL of 5% Nafion solution and soni-
cating for about 45 min. We dropcast 8 pL of the ink over
a 5 mm glassy carbon electrode (GCE) and left it to dry under
ambient conditions. The catalysts loaded over the GCE served as
the working electrode with Hg/HgO (filled with 1 M NaOH) and
a Pt spiral as reference and counter electrodes, respectively. We
utilized a RRDE 3A (ALS, Japan) for the rotation of electrodes in
rotating disk electrode mode (RDE). Initially, I-V polarization
was carried out by recording the cyclic voltammogram for 100
cycles with a sweep rate of 50 mV s~ .

In a similar way, we took 10 mg of both RuO, and Pt/C and
added them to a mixture of 500 uL of DI water, 400 pL of
absolute ethanol 100 uL of 5% Nafion solution and sonicated
for 30 minutes. 100 pL of each catalyst ink was dropcast on

This journal is © The Royal Society of Chemistry 2024
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previously cleaned carbon papers (1 cm?). Finally, the electrodes
were dried and used for electrochemical studies.

Electrochemical impedance spectroscopy (EIS) is useful to
understand charge transfer mechanisms during the electro-
oxidation of water to O,. Here, we varied the frequency in the
range of 100 kHz to 100 mHz (a small perturbation of 10 mV).
The potential scale as per the reversible hydrogen electrode
(RHE) was calibrated to Exyp = Epgmgo + 0.93 V and thus we
calculated the overpotential as n = Ergg — 1.23 V. We carried
out the OER and HER studies in 1 M KOH (pH 14) under
ambient conditions with saturation of the electrolyte using
argon gas. While testing our samples, we observed that only
those synthesized for 1 or 2 h exhibited sufficient mechanical
strength to be used as freestanding (FS) electrodes.

After synthesizing free-standing electrodes with sufficient
mechanical strength for electrocatalysis and superior OER
performance, we stopped using powders. These binder-free self-
standing electrodes do not exhibit the issues mentioned above
for powder-based/binder electrodes. We analyzed the OER and
HER performance of the FS electrodes by electrochemical
testing in a typical three-electrode setup with a PTFE replace-
able holder as the current collector for the working platinum
electrode (see the optical image in Fig. S10t). This one-step
synthesis, without post-processing or coating, is carried out to
avoid organic binders. The electroactive species with the
conductive substrates exhibit good electronic conductivity and
mechanical integrity as catalysts for long-term cycling.

In the ESI,T we provide additional details on the character-
ization methods we used, such as XRD, XPS, Raman, etc., as
described in the results section.

Results and discussion

We prepared high-performance, bi-functional, free-standing,
electrodes with high-density SACs on carbon nanofibers for
water splitting using CVD. First, Ni/Au thin films delaminate
from the Si/SiO, substrate during thermal annealing, followed
by the formation of a mat of CNFs in the presence of ethylene,
the carbon precursor. In 2014, we demonstrated the delami-
nation of a Ni/Pd film with a thin Ti adhesion layer from a Si/
SiO, substrate to form a nanocarbon matrix.** However, this
material did not form SACs on the CNFs and did not exhibit any
electrocatalytic performance. Here, we chose gold as the thin
film in contact with the substrate as it does not adhere well to
silicon oxide.*” The sample was heated in the presence of He,
H,, and C,H, to nucleate and grow the nanocarbon matrix,
upon which the SACs will then form. After the nanocarbon
growth, we vaporized sulfur in the upstream furnace and
carried it with a flow of He to the downstream furnace to dope
the nanocarbon matrix. As a final product, we obtained
a delaminated black mat with a slightly larger area than the
substrate (Fig. 1). High-resolution scanning electron micros-
copy (HRSEM) of the delaminated samples shows entangled
carbon nanofibers (CNFs) with micron-range diameters (Fig. 1).
High-resolution transmission electron microscopy (HRTEM) of
the CNFs in the doped sample is shown in Fig. S11.1 Focused
ion beam (FIB) measurements on a cross-section of the doped
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(a) Schematic view of the equipment used for the synthesis. In the upstream furnace, we introduced the sulfur powder that vaporized and,

was carried by an He flow, reached the downstream furnace, where the thin metal film stack delaminated from the substrate to grow the
nanocarbon matrix with SACs on the CNFs. The temperatures used were 400 °C (T;) and 800 °C (T5). (b) Delaminated electrode (above) and
substrate from which the thin film stack delaminated (below) for the free-standing sample grown for two hours. (c) HRSEM image (5000) of the
sulfur doped sample after 2 h of growth. (d) Higher magnification of figure (c) (20 000 x). (e) HRSEM image (5000 x) of the undoped sample after 2

h of growth. (f) Higher magnification of figure (e) (20 000x).

sample and EDX measurements (Fig. S3 and S47) indicate the
presence of carbon, sulfur, nickel, and gold. The FIB cross-
section also shows that the nickel content decreases as we get
deeper into the sample, which correlates with the results ob-
tained from X-ray photoelectron spectroscopy (XPS), where Ni
was detected only when we positioned the sample upside down
(Fig. S9+1).

Raman spectroscopy measurements of S-C-120 show a G
band peak at ~1580 cm ™" and a 2D band peak at ~2700 cm ™"
(Fig. S51). The ratio D/G = 1.08 indicates a graphitic structure,
where the D band indicates a defect in the graphitic structure,
which arises from out-of-plane vibration, while the G band
originates from the in-plane vibration of the C-C bond from sp>
hybridization.

We characterized the C-120 (Fig. S6at) and S-C-120 (Fig.S6bt)
samples using aberration-corrected HRTEM with high-angle
annular dark-field imaging (HAADF-STEM) to achieve atomic
resolution. We identify the bright dots circled in yellow in
Fig. 2b as single or very few atoms that we will call single atom
catalysts (SACs). We performed extensive electron dispersive
spectroscopy (EDS) and subsequent mapping of the different
elements on the S-C-120 sample (Fig. S71). This mapping shows
that the dots are made of Ni, Au, or possibly both (see Fig. S7c
and et) and that carbon and sulfur are uniformly distributed
(Fig. S10d and ft). The dimensions of the SACs, in the range of

26752 | J Mater. Chem. A, 2024, 12, 26749-26761

Angstroms, are in agreement with previous reports of Ni SACs
(and Fe) on different supports.® These data support the claims
regarding the formation of well defined Ni SACs on the carbon
matrix. Further, the HAADF imaging of the S-C-120 sample also
reveals the presence of Au particles of around 200 nm in size
(Fig. S81). We characterized a cross-section (lamella) of the
sample using a FIB to see how Ni penetrates the carbon material
(Fig. S37). Over a depth of around 10 microns, we observed that
the concentration of nickel is at its lowest on the surface of the
nanocarbon mat and increases with depth. This observation is
consistent with XPS measurements (discussed later), where we
only detected Ni at the bottom of the nanocarbon (i.e., the part
of the electrode in contact with the substrate before delamina-
tion), thus indicating that the amount of Ni on the surface of the
nanocarbon increases with depth (Fig. S71). We quantified the
atomic content of nickel using inductively coupled plasma-
mass spectrometry (ICP-MS) and it revealed that S-C-120
contains 2.6% Ni in it.

Fig. 2c shows the XRD pattern of C-120, S-C-120 and post-
OER (5-C-120) samples. Each material showed four main broad
peaks present at about 25.8°, 43.3°, 53.8° and 78.3° that corre-
spond to the (002), (100), (004) and (110) planes of graphite,
respectively. These strongly broadened peaks typically arise
from their turbostratic character. As shown in Table 1, the (002)
interlayer spacing for all samples is close to the characteristic

This journal is © The Royal Society of Chemistry 2024
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Fig. 2

(a) High-angle annular dark-field imaging (HAADF) of Ni-SACs grown on nanocarbon (S-C-120), (b) high resolution image showing the

existence of atomically dispersed metals on crystalline carbon, and (c) powder XRD pattern of the three samples that were analyzed.

Table 1 Structural parameters (average interlayer spacing between
carbon layers, d(002), and average size of basic structural units in the
direction perpendicular to layers, L, obtained from the analysis of XRD
patterns

Sample d(002) [nm] L. [nm]
C-120 0.348 2.7
S-C-120 0.344 3.5
Post-OER, S-C-120 0.343 3.6

interlayer distance (0.344 nm) in turbostratic stacking. The
diffraction peaks at 26 of 38.1°, 44.3° and 64.5° correspond to
the (111), (200) and (220) planes of Au (PDF #00-004-0784),
respectively. After the OER, we observed the formation of the
K(HCO;) phase (PDF# 01-086-0912) coming from the electrolyte.
The XRD pattern suggested that no Ni phase was detected,
further hinting that Ni was present only as single atoms.
Structural parameters determined by quantitative analysis of

This journal is © The Royal Society of Chemistry 2024

the (002) peak are given in Table 1. The values of the interlayer
spacing for dy, are calculated using Bragg's law as dyg, = ni/
2sin 6§, and the crystallite height (stack height) (L.) is estimated
via Scherrer's equation L. = 0.941/B cos ¢, where B is the FWHM
and 6 is the Bragg angle of the (002) band for L..>* The sulfuri-
zation step clearly improved the graphitic order through the
decrease of dyg, and the increase of L. for both S-C-120 and post-
S-C-120. Lower values of d,,, indicate fewer defects in the
graphitic layers, leading to better packing of the carbon
nanofibers.*

Using XPS, we probed the chemical states and bonding
environments of the elements present in the doped samples.
The C 1s spectrum in Fig. 6a reveals the presence of sp®
hybridized carbon (peak position at 284.7 eV) and C-S bonding
and m-7* transition as the deconvoluted peaks at 285.4 and
290.5 eV, respectively (Fig. S9at).*® The high-resolution spec-
trum of S 2p can be divided into S 2p3/, and S 2p,,, at 164.2 and
165.5 eV, respectively, attributed to the C-S linkage. An addi-
tional peak is observed at 168.5 eV due to SO, bonding (Fig.

J. Mater. Chem. A, 2024,12, 26749-26761 | 26753
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S9b+t).?”*® The core-level spectrum of Ni 2ps, is deconvoluted
into three peaks positioned at 856.2, 861.5 and 862.8 eV, which
can be assigned to high valence Ni (Ni**) and satellite peaks
(Fig. S9ct).* Fig. S9dt illustrates the XPS spectrum of Au 4f,
where two well-defined peaks at 84.1 and 88.1 eV correspond to
Au 4f;, and Au 4f;),, respectively, suggesting the existence of
metallic Au.*

We also performed contact angle measurements (Fig. S107).
The contact angle of the non-doped sample was 128.7°
compared to 143.2° for the sample doped with sulfur, indicating
that the doped sample is more hydrophobic (almost super-
hydrophobic), which will be important for explaining the elec-
trocatalytic performance.

The complex mechanisms leading to the formation of the
SACs are difficult to precisely define without a dedicated in situ
reactor that allows real-time characterization. This is com-
pounded by several parameters playing a role, such as reaction
time, temperature, amount of S doping, and the nature of the
cooling procedure in this single-step CVD reaction. However, we
can propose a plausible mechanism based on the extensive
characterization performed.

The outstanding questions are mainly:

(1) Why do Ni and Au form SACs on the surface of the
nanocarbon?

(2) Besides helping the delamination at high temperature, do
Ni and Au contribute to the nucleation and growth of the carbon
matrix?

(3) What is the role of sulfur? (As will be explained later, it
significantly improved the electrocatalytic performance).

It is easy to understand that the Ni/Au thin film stack
delaminates from the substrate owing to the weak adhesion of
gold to Si/SiO,. We can also hypothesize that the stack then
fragmented into sub-micron particles that, in the presence of
ethylene at high temperature, started nucleating and growing
carbon nanofibers (Fig. 1). This is a plausible hypothesis given
that Ni is a good catalyst for carbon nanotubes and nano-
fibers.**** It is validated by our previous research, where we
studied a delaminated layer of Ni/Pd weakly adhered to the
silicon wafer with a very thin layer of Ti (as Pd does not adhere at
all to Si/SiO,), where, based on extensive characterization, we
formulated a mechanism based on the fragmentation of the
thin film into Ni/Pd alloy particles that led to nucleation and
bidirectional growth of the nanofibers.* However, in that work,
no metal atoms were present on the surface of the nanofibers,
and the sample did not exhibit any electrocatalytic activity.

Here, we used Au as a weak adhesion layer and observed the
formation of CNFs (as for Ni/Pd) but also found metal atoms on
the surface of the carbon. We may explain this difference by
observing and comparing the bulk phase diagrams of Ni-Pd
and Ni-Au.§ The Ni-Pd phase diagram shows complete misci-
bility below 1237 °C for any composition. However, the Ni-Au
phase diagram shows a synclinal miscibility gap with a peak at

§ Although our metallic films are tens of nanometers thick, which could lead to
melting point depression or other phenomena that differ from the bulk, we will
use as a first approximation the bulk phase diagrams to hypothesize the growth
mechanisms.
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807 °C at 72 at% Ni. From this, we can hypothesize the forma-
tion of two phases of the Ni-Au alloy during the thermal process
with one phase slightly richer in Ni. Given that Ni is a known
catalyst for CNF growth, we can speculate that one of the two
phases is responsible for the nucleation and growth of the CNFs
after fragmentation (similar to our previous work),** while the
second phase “dewets” on the surface to form Ni and Au SACs.

The excellent electrocatalytic performance confirms that Ni
SACs play a key role. However, regarding the Au SACs, we find
gold in the solution during OER cycling (starting after 250 cycles
and observed until 50 000 cycles), indicating that Au atoms on
top of the carbon leach out to the electrolyte solution. Inter-
estingly, the performance of the electrode increased during the
leaching of the gold. Note that we also found larger gold chunks
on the nanocarbon matrix that may also detach and dissolve
into the electrolyte solution during electrocatalysis (Fig. S87).

Let us now analyze the role of sulfur. Doping carbon nano-
materials is a practical and powerful approach to improve their
properties, in particular their electrical conductivity.®
Heteroatom-doped carbon nanotubes (CNTs) are studied in
many fields, such as biotechnology, catalysis, optics, photovol-
taics, supercapacitors, and energy storage. Based on the unique
electronic properties and high surface area of CNTs, as well as
the similar electronegativity of sulfur and carbon, Li et al*
prepared a novel electrocatalyst for the oxygen reduction reac-
tion (ORR) by directly annealing oxidized CNTs and p-benzene
dithiol in nitrogen. Previous studies demonstrated both exper-
imentally and theoretically that heteroatom-doped CNTs can be
regarded as a promising electrocatalyst for the OER.*®

In our research, we also chose to dope our material with
sulfur. Previous reports reveal that the inclusion of sulfur atoms
in the carbon lattice may regulate the charge redistribution by
tuning the electronic structure of the catalytic center, where
adsorbates such as OOH*, O* and OH* prefer to adsorb.* We
evaluated the samples with and without doping and observed
that the electrocatalytic performance of the S-doped electrode
was always far superior. We believe that the increased electrical
conductivity and hydrophobicity due to sulfur doping are
responsible for the improved electrochemical performance.
Earlier research shows that the doping of S atoms in the carbon
lattice has a great impact on the electronic structure and spin
density and generates a significant number of active sites on
carbon atoms, thus exhibiting improved electrocatalytic activi-
ties compared to pristine carbon samples.*®

Oxygen evolution reaction (OER)

Initial experiments with powders on a substrate using
binders showed poor performance. We first tested the powder
by grinding the non-doped samples for various growth dura-
tions (10, 30, 60, and 120 min). Their comparative linear sweep
voltammetry (LSV; Fig. S11at) showed that C-10, C-30 and C-120
exhibited almost the same onset overpotential of 330 mV, while
C-60 exhibited 370 mV. C-10 and C-120 delivered a current
density of 10 mA cm ™2 at overpotentials of 430 and 470 mV,
respectively, while C-30 and C-60 failed to deliver a higher
current.

This journal is © The Royal Society of Chemistry 2024
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We then performed LSV of the sulfur-doped ground samples
and observed a different trend (Fig. S11b¥). The S-C-10, S-C-30,
S-C-60 and S-C-120 powders reached the same current density of
10 mA cm ™2 at a respective overpotential of 420, 470, 480 and
400 mV, clearly indicating a significant effect of sulfur on OER
activity. Among these samples, S-C-120 outperformed the other
synthesized materials in terms of lower overpotential, with the
activity trend being:

S-C-120 > S-C-10 > S-C-30 > S-C-60.

For all powder samples, we analyzed the kinetics of the
synthesized delaminated electrodes using the Tafel equation [
=a+ b x logj] with a = constant, b = 2.3RT/«F, and j = current
density. We carried out LSV with a rotating disk electrode (RDE)

This journal is © The Royal Society of Chemistry 2024

at 1600 rpm at a scan rate of 5 mV s~ '. The ohmic drop cor-
rected Tafel slopes were 51, 55, 61 and 58 mV dec™ " for the non-
doped C-10, C-30, C-60 and C-120, respectively (Fig. S11ct). C-10
showed faster kinetics while oxidizing water. The sulfur-doped
S-C-10, S-C-30, S-C-60 and S-C-120 exhibited slopes of 57, 54,
75 and 50 mV dec” ' with the smaller Tafel slope of S-C-120
validating its improved OER kinetics (Fig. S11d+).
Experiments with free-standing electrodes show good
performance. We also tested the freestanding (FS) electrodes
synthesized for 2 hours (C-120_FS and S-C-120_FS), since they
showed sufficient mechanical strength to withstand electro-
catalysis (the samples processed for less than two hours did not
exhibit sufficient mechanical strength for proper contact with
the electrode or to endure the electrocatalysis). The activity of
the FS electrodes was evaluated in an alkaline electrolyte (1 M
KOH). For the comparison, we used RuO, loaded on carbon
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paper (1 mg cm ™ ?) as a freestanding electrode. We performed
cyclic voltammetry to understand the redox nature of the
synthesized C-120_FS and S-C-120_FS. Fig. 3a shows the CVs of
C-120_FS and S-C-120_FS that were measured after I-V polari-
zation (100 CV cycles were carried out in both cases). Initially, C-
120_FS exhibited a characteristic oxidation peak at 1.39 V vs.
RHE and a reduction peak at 1.29 V vs. RHE, which could be due
to the redox couple of Ni.*” However, after 2000 CV cycles, it
showed an oxidation peak at 1.41 vs. RHE and the same value
(1.29 V vs. RHE) for the reduction peak (Fig. 3a). S-C-120_FS
showed a Ni oxidation peak at 1.4 V vs. RHE and a reduction
peak at 1.25 V vs. RHE. After 2000 CV cycles, the reduction peak
remained at the same potential as the initial cycle, while the
oxidation peak of Ni shifted to 1.42 V (Fig. 3b).

As previously mentioned, the performance of the sulfur-
doped FS electrode was much better compared to the pristine
electrode, likely due to the improved electronic conductivity due
to S-doping (from impedance measurements). Furthermore, we
noticed the dissolution of gold into the electrolyte solution (see
Fig. S10 and S207), consistent with the report that Au dissolu-
tion starts at 1.2 V vs. RHE in an alkaline solution.*® After 500
cycles, we noticed a gradual color change of the electrolyte from
shiny yellow to dark red (optical images are shown in Fig. S107t)
as Au atoms or nanoparticles detach from the carbon. We can
speculate that this leads to defects on the carbon matrix that
further activate the surface to better catalyze the OER.

LSV that was carried out at 5 mV s~ suggests that S-C-120_FS
delivered a benchmarking current density of 10 mA cm™? at an
overpotential (n) of 300 mV and showed much higher OER
activity than C-120_FS, which exhibited 7 @10 mA cm > =
350 mV (Fig. 3c). S-C-120_FS and C-120_FS delivered a current
density of 50 mA cm 2 at the corresponding 7 of 380 and
420 mV. S-C-120_FS and C-120_FS reached aj of 100 mA cm ™2 at
the respective overpotentials of 430 and 470 mV. Further, the
OER activity of S-C-120_FS and C-120_FS outperformed the OER
activity of state-of-the-art RuO,. RuO, reached a current density
of 10 mA cm ™2 at an overpotential of 340 mV. We studied the
reaction kinetics using their corresponding Tafel plots extracted
from the LSV curves, as shown in Fig. 3d. S-C-120_FS exhibited
a smaller Tafel slope of 65 mV dec™?, while C-120_FS exhibited
a slightly higher slope of 68 mV dec™*. We can speculate that the
higher slopes of the FS samples compared to the same samples
from powders could be due to the formation of large gas
bubbles attached to the electrode surface.

The electrochemically active surface area (ECSA) is a useful
descriptor for an electrocatalyst. The ECSA can be calculated as
ECSA = Cq4)/Cs, where Cs is the specific capacitance of the elec-
trode (the Cg value can be 0.04 mF cm 2 in 1 M KOH as per
reports*’) and Cy, denotes the double-layer capacitance, which
is assessed from CV measurements at different sweep rates
carried out in the non-faradaic regions (no interfacial charge
transfer), as depicted in Fig. S12.7 C-120_FS exhibited a C4; of 98
mF cm ™2, whereas S-C-120_FS exhibits a much higher Cg; of 257
mF cm™2, as shown in Fig. 4a and their corresponding ECSAs
are 2450 and 6425 cm®. Thus, S-doping not only lowers the
overpotential, but also significantly enhances the ECSA.
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We assessed the stability of S-C-120_FS using potentiostatic
chronoamperometry. We applied a potential of 1.61 V vs. RHE
(corresponding j = 50 mA cm ?) to observe the change in
current density over time. As we can see in Fig. 4b, the current
became steady nearly after 2.5 h to deliver 50 mA cm ™2, showing
excellent stability up to 24 hours (with a slight degradation).
After 50 h of constant electrolysis, the current density retained
is 68% of its initial value. The interruption and reduction of j
occurred after 24 hours and this could be attributed to the
accumulation of the formed O, gas bubbles at the surface of the
electrode or to the constant Au release into the electrolyte,
which eventually reduced the conductivity of 1 M KOH. It is
reported that the design of superhydrophobic surfaces could
assist in bubble detachment, thus making the electrode more
robust.” Contact angle measurements revealed that S-C-120_FS
was almost superhydrophobic (143.2°; Fig. S177), which could
be the reason for its remarkable stability. The OER durability of
the electrode is shown by LSV after 5000 CV cycles, which
exhibited negligible loss of potential (Fig. S167). We also tested
the OER durability of the electrode for about 20 000 cycles and
observed a large change in potential (An at 25 mA cm 2 = 80
mvV) in the same electrolyte; however, when we switched to
a fresh electrolyte, we observed a very pronounced activity with
negligible loss in potential (An at 25 mA cm™> = 10 mV), better
than what we observed after 5000 cycles.

In the initial cycles, S-C-120_FS exhibited high charge
transfer resistances, given that the diameter of the semicircle in
the Nyquist plot is quite large, leading to poor conductivity and
slower OER kinetics (Fig. 4c). However, after 2000 cycles, S-C-
120_FS became significantly active towards faradaic reactions,
as shown in the Nyquist plot (Fig. 4d). The distance between the
high frequency and low frequency regions is greatly reduced (a
smaller arc of semicircles), indicating better charge transfer
resistance and improved electronic conductivity. The two types
of semicircles observed for S-C-120_FS can be attributed to the
presence of two time constants (see the Bode plot in Fig. S177
and the equivalent circuit with fitting parameters in Fig. S187).

Hydrogen evolution reaction (HER)

We assessed the HER catalytic performance of the FS electrodes
in a 1 M KOH electrolyte saturated by purging 99.9% Ar gas for
about 30 min. To compare our performance with a known
reference, we used 10% Pt/C loaded on carbon paper (1 mg
cm?) a freestanding electrode. Initially, just after I-V polari-
zation (after 100 CV cycles at 50 mVs™ '), C-120_FS and S-C-
120_FS showed large HER onset overpotentials of 400 and
340 mV at the current densities of 11 and 18 mA cm 2,
respectively (Fig. 5a). The performance improvement by S-C-
120_FS compared to C-120_FS proved its better suitability for
the HER. While testing the electrode for 20 000 cycles to check
its robustness under alkaline conditions, surprisingly, we
observed a dramatic enhancement of the performance, as
shown in Fig. 5a. After 20 000 cycles, S-C-120_FS showed a low
onset overpotential of 40 mV at 17 mA cm ™2 and reached a j of
50 mA cm™ > and 100 mA cm ™2 at low overpotentials of 123 and
195 mV, respectively. The noble Pt/C (10% Pt) reached a j of 10

This journal is © The Royal Society of Chemistry 2024
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Fig. 4

C-120_FS from EIS (c) in the initial cycles and (d) after 2000 cycles.

mA cm 2 at an overpotential of 65 mV. 10% Pt/C further ach-
ieved a j of 50 mA cm > and 100 mA cm* at overpotentials of
205 mV and 300 mV, respectively. These results indicate that
after 20 k cycles, S-C-120_FS showed outstanding HER activity,
which outperformed precious Pt. The Tafel slopes of 305, 283
and 285 mV dec ' were observed for C-120_FS, S-C-120_FS and
S-C-120_FS after 20 000 cycles (Fig. 5b). We carried out elec-
trolysis under static conditions and observed large and non-
linear Tafel slopes due to the accumulation of gas bubbles
and the existence of mass transfer effects, thus failing to display
the actual kinetics of the catalysts.

EIS spectra after 20 k cycles revealed that S-C-120_FS showed
a much smaller semicircle than the initial cycles of S-C-120_FS
and C-120_FS, thus indicating better conductivity after 20 k
cycles (Fig. 5c). We observed two atypical incomplete semi-
circles in these three cases: one small semicircle at higher
frequency representing bulk electrolyte resistance and a large
semicircle formed at lower frequency representing the charge
transfer resistance owing to H, evolution. We performed chro-
noamperometry to study the stability of the electrode after 20 k

This journal is © The Royal Society of Chemistry 2024
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(a) Double layer capacitance plots of delaminated FS electrodes and (b) long term chronoamperometry of S-C-120_FS. Nyquist plots of S-

cycles (Fig. 5d). The electrode showed good HER stability over
100 h of electrolysis at a high current density of 100 mA cm > (5
of 195 mV), with the j retained at 80%, with the current drop
possibly caused by the accumulation of gaseous bubbles.
Overall, the results imply that the diffusion of the electrolyte
into the electrodes (for wetting) took a longer time to activate
the electrodes (~2500 CV cycles at 20 mVs ™~ ') and to allow the
reactant species (H,O) to reach the catalytically active sites.

Discussion on electrocatalytic activity
enhancement

Contact angle measurements before electrocatalysis showed an
average angle of 128.76° for C-120 and of 143.23° for S-C-120,
a value close to super-hydrophobicity (Fig. S16f). However,
post-electrocatalysis contact angle measurements showed
a dramatic change in wettability, with the electrodes becoming
very hydrophilic (Fig. S16c and dt). We can correlate this change
in hydrophobicity to the increased electrocatalytic activity of S-
C-120 during cycling. As the formed delaminated electrodes are
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very hydrophobic in nature, the diffusivity of water molecules
(particularly reactants; OH ™) is slower in the initial cycles and
only the top layers of the electrode (catalysts) get access to the
reactant species. As time progresses, the reactant species can
reach more active sites inside the carbon matrix, thus delivering
high current densities with lower overpotentials in both the
OER and the HER. As can be inferred from CV results (Fig. 3b),
the Ni oxidation/reduction peak is not noticeable in the initial
cycles (after 100 cycles of I-V polarization), but is well noticed
after only 2000 CV cycles. Additionally, Au dissolution was
undetectable in the initial cycles as OH™ species could only
reach Au sites on the surface of the carbon matrix (and not the
Au sites inside). As diffusion is a time dependent phenomenon,
after 500 CV cycles (anodic reaction), Au atoms begin to dissolve
into the electrolytic solution and progressively continue to be
released over cycling. The recorded OER results after 20 000
cycles reveal pronounced catalytic activity after replacing the
electrolyte (1 M KOH solution). After 2000 CV cycles of the OER,
we carried out HR-SEM, contact angle, and XRD measurements.
HR-SEM images clearly revealed that pores and cavities were
formed as a result of partial Au removal, which created

26758 | J Mater. Chem. A, 2024, 12, 26749-26761

pathways for the movement of electroactive species (Fig. S217).
More importantly, post-XRD proves that the crystallinity of the
carbon matrix remained unaffected, which is evidence of the
corrosion-resistant ability of the S-C-120 electrodes (Fig. 2c).
Reports suggest that improving crystallinity helps the corrosion
resistance of carbon.*® We could possibly relate the enhanced
OER activity shown by S-C-120 to the improvement of wettability
upon time and the formation of holes and large cavities or
defects in the carbon matrix, thus providing more open access
of the OH™ species to the catalytically active Ni sites inside the
carbon matrix. Based on the observed phenomena, we have
postulated a scheme that demonstrates the possible mecha-
nism of electrode activation, which could be a factor for high
OER activity, as depicted in Fig. 6. On the cathodic side (HER),
we did not observe the dissolution of Au since Au is stable at
negative potentials. In this case, we could relate the improved
performance to the diffusivity of water molecules to active sites
after prolonged cycling. We speculate that both Ni and Au act as
prime catalytic sites for the HER supported by S-doped carbon.
We examined the Brunauer-Emmett-Teller (BET) surface area
of pristine, post-OER and post-HER samples (Fig. S227). Pristine

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Schematic demonstrating the plausible mechanism of electrode activation during OER cycling.

S-C-120 exhibited a BET surface area and an average pore
diameter of 26.712 m? g~* and 36.4 A, respectively. Post-OER
BET showed a noticeable increase in the surface area (31.5 m”
g™") and an average pore diameter (43 A), thus indicating the
enlargement of pores due to Au removal. Post-HER BET showed
smaller deviations in the surface area (24.04 m> g~') and an
average pore diameter (39.47 A) (detailed parameters are given
in Table S17).

Post-characterization

We performed aberration-corrected HRTEM of the electrodes
after 2000 OER CV cycles and observed noticeable defects and
pores, as some of the Au was removed from the electrode (Fig.
S17 and S$18t). The HAADF-STEM images demonstrated
a uniform presence of carbon and a much higher presence of Ni
than Au. XPS was carried out for both post-OER and HER
samples.

The survey spectrum after the OER showed the presence of
O, C, S and Ni (see the zoomed-in spectra of Fig. S19f) and
additionally K (K 2s at 378.2 eV, K 2p at 293.4 and 296.2 eV,K 3 s
at 33.8 eV and K 3p at 17.6 eV) was also present (Fig. S191). The
C 1s spectrum can be fitted with four peaks at 284.5 eV
(adventitious carbon), 284.7 eV (carbon in the matrix of the
material), 285.6 eV (carbon bound to S) and 288.15 eV (C=0).
The S 2p doublet at 164 eV is compatible with S bound to C
(thiophene type), while the S 2p doublet at 168.3 eV can be

This journal is © The Royal Society of Chemistry 2024

attributed to SO, species. Ni likely exists in an +3 state, as evi-
denced by the presence of a 3pj, characteristic peak at
69.05 eV.*>* The O 1s spectrum can be fitted to three peaks at
531.4, 533.15 and 535.15 eV due to M-O, M-OH and M-H,0
bonding, respectively.

In the survey spectrum, after the HER we detected O, C, S and
Ni (see zoomed-in spectra, Fig. S20t). The C 1s spectrum can be
fitted with three peaks at 284.45 eV (adventitious carbon),
284.7 eV (carbon in the matrix of the material) and 285.5 eV
(carbon bound to S). The S 2p doublet at 163.75 eV is compatible
with S bound to C, while the S 2p doublet at 168 eV can be
attributed to SO, species. Ni in this case exists in a +2 oxidation
state where the observed peak is positioned at 68.25 eV.** The O
1s spectrum can be fitted with two peaks at 531.7 and 532.2 eV,
which can be attributed to metal-oxygen or carbon-oxygen
bonding.

Water splitting performance comparison

To replace PGM-based electrocatalysts, numerous self-
supported electrodes have been developed based on earth-
abundant metals. In this regard, binder-free electrodes not
only provide higher electrocatalytic activity, but also show
improved stability due to the high surface area and departure of
gas bubbles from the electrode surface. The bi-functional (HER
and OER) electrocatalytic activity of S-C-120_FS compared to

other previously studied self-supported electrodes is given in
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Fig. 7. In most cases, the HER activity of S-C-120_FS outper-
forms the HER activity in earlier reports, which shows the
superiority of S-C-120_FS as a HER catalyst, while exhibiting
OER performance comparable with those of other catalysts. The
compared bi-function catalysts for the OER and HER are termed
NiS, NWs/CFP,** Co,P-x/Ni,P-y@NF,** NiFeP@NiP@NF,** Ni,-
Co,~P microarrays,” CoSe,/CMF,* Ni-Fe-Co nanostructure,
Ni,Co;_4O, nanoneedle arrays,” Co@NC/CC,*
Ni@CoO@CoNC.*

and

Conclusion

We designed a simple, one step CVD synthesis based on a new
paradigm of thermal delamination of a thin film stack to
synthesize Ni SACs anchored on a CNF mat as free-standing
electrodes. The sulfur-doped, 2 h grown electrode out-
performed the overall water splitting performance of the same
non-doped material. It exhibited low onset overpotential, high
current density, outstanding durability, and a remarkable ECSA
for both the OER and the HER with cycling performance for 20
000 cycles.

Many physicochemical effects are at are involved in deliv-
ering this material, including thermal delamination of thin
metal films via a weak adhesion layer, the nucleation and
growth of carbon nanofibers, subsequent sulfur doping, the
formation of Ni and Au SACs, and changes in hydrophobicity
during cycling. We believe that this new paradigm of thermal
delamination of thin films to grow catalyst atoms on a doped
nanocarbon matrix could open new research avenues to
produce high-performance, low-cost electrodes for various
electrochemical applications.
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