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ARTICLE INFO ABSTRACT

Keywords: The development of efficient and cost-effective water splitting electrolyzers is a fundamental step to support the
Graphene achievement of climate neutrality by using renewable energy sources to produce green H; as a form of clean fuel.
Carl?on black In this work, we investigated Pt-based nanostructured cathodes for high-performance alkaline electrolyzers
E}:S:rl;l:nalysis (AELs), showing the beneficial effect of graphene over traditional carbon black as nanocatalysts support. By
Cathode relying on a water-based, scalable, synthetic method, surface-cleaned Pt nanoparticles were successfully pro-
Alkaline electrolyzer duced and strongly anchored to defect-free graphene flakes, the latter produced through wet-jet milling exfo-
Durability liation of natural graphite. Once deposited on conventional gas diffusion layers, Pt/graphene catalysts

outperform traditional Pt on Vulcan (Pt/C) in terms of hydrogen evolution reaction (HER) activity and perfor-
mance durability. The two-dimensional morphology of graphene flakes strongly retains the catalysts in the
electrode even in the absence of any binder, while intrinsically ensuring the exposure of the catalytic sites for the
HER. This rationale enables the fabrication of high-performance AELs based on Pt/graphene cathodes. By using
commercially available cost-effective anodes (stainless-steel meshes), our AELs reached current densities of 1 A
cm ™2 at a voltage of as low as 1.71 V. These AELs can even operate up to more than 2 A cm™2 (e.g., 2.2 A cm ™2 at
1.90 V), with stable performance during accelerated stress tests. Our study discloses two main aspects: (1)
graphene is an effective conductive support for 1-10 nm-scale catalysts for the development of nanostructured
cathodes with elevated catalytic properties and durable performance; (2) the use of efficient nanostructured
cathodes can boost the AEL’s performance to state-of-the-art values reported for proton-exchange membrane
electrolyzers, avoiding the use of expensive anodes (e.g., Ir-based ones).

1. Introduction electrolysis plants, enabling efficient storage of renewable electrical

energy in form of hydrogen [2]. In this scenario, alkaline electrolyzers

Green Hj production through water electrolysis powered by renew-
able energy sources and electricity is in the spotlight to cut greenhouse
emissions and reach climate neutrality [1]. Thus, the growth of renew-
able energy assets operating in both grid-based and decentralized energy
solutions must be accompanied by the rapid development of novel water
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(AELs) represent a cost-effective and robust technology for green
hydrogen production, and systems with a hydrogen production capacity
of hundreds of Nm® h™! are already commercially available [3,4].
Alternative technologies, like proton-/anion-exchange membrane elec-
trolyzers (PEM-/AEM-ELs) and solid-oxide electrolyzers, are currently
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competing with AELs, aiming at minimizing H, production costs while
increasing production rates. Indeed, traditional AELs operate with
reasonable energy efficiency only at low current densities (e.g., < 400
mA cm™2), limiting production rates or increasing the complexity and
cost of balance of plant compared to PEM-ELs [4,5]. However, recent
advances in alkaline electrolysis have changed this commonly asserted
scenario, and the AEL technology proved to be as efficient as the PEM-
and AEM-ELs even at high current densities (on the order of 1 A cm?)
when state-of-the art diaphragms and electrodes are used [3,6,7].

While Pt-group metal (PGM)-based catalysts are mandatory to
withstand corrosion in acidic environments of PEM-ELs [8], their use in
AELs is less common, since Earth-abundant metals (e.g., Ni, Mo, Co) and
mixed metal oxides are established catalysts for alkaline water elec-
trolysis [9]. Nevertheless, PGMs have been widely used to realize
state-of-the-art AELs and AEM-ELs [10-16], and industrial Pt-based
AELs have been recently deployed as low-operating expense (OPEX)
industrial prototypes, lowering hydrogen cost outlook [17]. Contrary to
PEM- and AEM-ELs, which desirably operate with dried cathodes to
facilitate H, removal [18,19], the electrolyte is continuously supplied to
both AEL electrodes, which, in principles, do not require the use of an
ion-conducting binder to guarantee ion mobility from the catalytic sites
towards the electrode separator. On the one hand, the presence of a
binder can electrically insulate the catalytic sites of the catalyst layer,
decreasing the AEL performance. [20] Beyond a certain content
threshold, Nafion can also impede efficient H, gas removal as a conse-
quence of the decrease of the electrode porosity [21,22]. On the other
hand, an insufficient binder content may result in poor mechanical
properties of the electrodes, and catalyst layer delamination/dissolution
can progressively occur in the presence of mechanical stresses induced
by cell torque, electrolyte circulation and pronounced gas bubbling
[23].

In this work, we prove that graphene can act as advanced carbona-
ceous support for Pt nanoparticles (NPs) acting as catalysts for the
alkaline hydrogen evolution reaction (HER). We show that, while of-
fering most of the advantages of common carbon black supports (e.g.,
Vulcan XC 72R), including excellent electrical conductivity and pro-
cessability (easiness to disperse), graphene intrinsically features a two-
dimensional (2D) nanocatalyst-anchoring morphology. More in detail,
the interaction between sp? carbon and surface-cleaned Pt NPs, as well
as the large (um scale) lateral size of graphene flakes, impede the
detachment of the catalysts from the electrode through the gas diffusion
layer (GDL) during the high-current density operation targeted by
practical electrolyzers. Thus, our AEL, implementing a Pt on graphene
(Pt/graphene) cathode (and using cost-effective stainless-steel based
anodes), reaches current densities of 1 A cm ™2 at 1.71 V cell voltage, and
can even operate up to more than 2 A cm™? (e.g.,2.2A em 2 at1.90 V),
overcoming state-of-the-art performance for the AELs, to the best of our
knowledge [4]. Thus, the well-known barrier properties of graphene
[24,25] are herein revisited for the formulation of advanced Pt-based
catalysts, which outperform benchmark Pt on Vulcan (Pt/C). The
origin of the high performance of our AEL may be also associated to the
high catalytic activity recently observed for nanostructured Pt-based
catalysts in high-pH media (e.g., 30 wt% KOH) [26], such as those
conventionally used for AELs (but not in AEM-ELs [27]). Indeed,
massive hydronium ions can be locally generated on the Pt surface
during water dissociation and hydrogen adsorption steps [26], leading
to an acid-like local reaction environment [26]. Prospectively,
graphene-based supports may be considered for advanced catalysts
(metal alloys and hybrid catalysts) having a catalytic activity towards
the HER superior to that of Pt [28], thus, aiming at realizing AEL with
performances surpassing those of PEM-ELs with low PGM-mass loadings
[29]. Importantly, other efficient (doped) graphene-supported
PGM-based catalysts (e.g., PGM-transition metal alloys and metal sin-
gle atoms) for the HER in acidic media have been reported in recent
literature [30-34], showing performance superior to that of Pt/C
benchmark. In this context, our work spurs the validation of such kind of
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graphene-based catalysts also in alkaline media for their final applica-
tion in industrial AELs, once their massive production can be met with
affordable costs. Notably, efficient AELs with low content of PGMs in
their cathodes intrinsically avoid the need of expensive anodes, like
those based on Ir (whose global mine production is currently insufficient
to meet the demand for tens of GW-scale electrolyzer markets [35]),
which are instead required by PEM-ELs to withstand acid-induced
corrosion phenomena [36].

2. Experimental
2.1. Materials and reagents

90 x 90 mesh 316 stainless-steel meshes (SSMs), 10 wt% Nafion
dispersion (D1021 Nafion™), carbon papers (CPRs) (AvCarb MGL280,
280 um), and hydrophilic carbon cloth (ELAT, 406 um) were supplied by
Fuel Cell Store. Zirfon Perl UTP 220 diaphragm were purchased from
Agfa. Pt/C (C20-PT, 20 wt%) was purchased from QUINTECH. Hexa-
chloroplatinic acid hexahydrate Hy(PtClg)-6H20 (BioXtra specification),
sodium citrate tribasic dihydrate (BioUltra specification), sodium
borohydride (NaBHa4), and citric acid anhydrous, ethanol (EtOH) (ab-
solute for analysis EMSURE® ACS,ISO,Reag. pH Eur), 2-propanol (IPA)
(ACS reagent, >99.5%), NaOH (ACS reagent, >97.0%, pellets) and KOH
(reagent grade, 90% flakes) were purchased from Sigma Aldrich.

2.2. Graphene production

Graphene was produced at BeDimensional S.p.A.’s industrial plant
through wet-jet milling (WJM) exfoliation of graphite [37,38] as
detailed in patent Nr. WO2017/089987A1 and referring to protocols
reported in previous reports [39-42]. Additional details on the WJM
exfoliation process are available in the Supporting Information.

2.3. Spherical 5 nm Pt NP synthesis

Spherical Pt NPs (~5 nm diameter) were produced in an aqueous
environment without the use of catalysts-poisoning reagents and/or
organic coatings, according to the synthesis method described in pre-
vious studies [43,44]. Such a synthesis process stabilizes the Pt NPs by
citrate molecules [43-45], which can be completely removed by a
simple and rapid step in alkaline conditions to obtain coating-free Pt NPs
that directly anchor themselves to the carbonaceous supports [43,46].
The synthesis of Pt NPs is fully described in the Supporting Information.

2.4. Material characterization

Bright-field transmission electron microscopy (BF-TEM) images of
the graphene flakes and Pt NPs on graphene were acquired using a JEOL
JEM-1011 microscope with a thermionic source (W filament) and
operated at 100 kV. The samples were prepared by drop casting nano-
flakes dispersions onto ultrathin C-film on holey carbon 400 mesh Cu
grids (Ted Pella Inc), subsequently washed with deionized water and
dried at room temperature in vacuum overnight. Atomic force micro-
scopy (AFM) measurements were acquired with a Dimension Icon
atomic force microscope (Bruker). The measurements were carried out
in intermittent contact mode using RTESPA cantilevers (Bruker) with a
tip with a nominal diameter of 8 nm. A drive frequency of ~300 kHz and
a scan rate of 0.7 Hz was used for the image acquisition. The height
profile analysis was performed using Gwyddion 2.54 software. The AFM
data were analyzed using OriginPro 9.1 software. The samples were
fabricated by depositing the nanoflake dispersions onto mica substrates
(G250-1, Agar Scientific Ltd.). The samples were dried under vacuum
overnight before measurements. Raman spectroscopy measurements
were performed using a Renishaw microRaman Invia 1000 spectrometer
and a laser wavelength of 532 nm. The as-prepared dispersions were
drop-cast onto Si/SiOz substrates and dried under vacuum overnight.
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The zeta () potential was measured with a Malvern Instruments Zeta
Sizer Nano ZS system (Malvern, U.K.). The measurements for ¢ potential
of graphene were performed in a mixture of water and EtOH at 25 °C.
The measurements for { potential of Pt NPs were performed in water at
25 °C before and during the removal of citrate using a basic solution for
the Pt NPs.

2.5. Electrode fabrication

The WIJM-produced graphene was dried in the form of powder using
a freeze dryer [47]. Afterwards, graphene powder was redispersed in a
water:EtOH (80:20 vol/vol) mixture at a concentration of 10 g L~L The
so-produced graphene dispersion was diluted by adding Milli-Q water,
adjusting the concentration to 1 g L™1. The diluted dispersion was me-
chanically stirred for 10 min. Then, 5 nm spherical Pt NPs were added
with a loading of 20 wt% relatively to the solid content (graphene plus
Pt NPs), and the dispersion was sonicated for 10 min. After the
adsorption of Pt NPs on graphene, pellets of NaOH were added to the
dispersion with a concentration of (20 g L™Y) to remove the citrate
coating of the Pt NPs, which then anchored themselves to the graphene
surface. Then, the excess solvent was removed to obtain a final Pt/gra-
phene water dispersion at a concentration of 200 g L 1. The Pt/graphene
electrodes were prepared through spray coating of diluted Pt/graphene
dispersion (1 g L’l). A benchmark Pt/C electrode was produced through
an identical procedure, but using a Pt/C water:IPA (75:25 vol/vol) ink
instead of the diluted Pt/graphene dispersion. The inks were sonicated
in an Ultrasonic Bath USC - THD (WVR) for 1 h to be homogeneously
mixed. The so-produced inks were hand sprayed on CPRs mounted on a
hot plate heated at 140 °C, and the catalyst mass loading (mp) (—300
pgpe cm~2) was controlled by adjusting the amount of the sprayed inks.
Rotating disk electrodes (RDE) for the hydrogen underpotential depo-
sition (Hypp) measurements were produced by depositing 20 pL of a
Pt/graphene (or Pt/C) dispersion, prepared by adding 1 pL of D1021
Nafion™ Dispersion (10 wt%) to 1 mL of a 1.3 mg mL~! Pt/ graphene (or
Pt/C) dispersion, onto an RDE with a 5 mm diameter (Pt mass -massp-
~5.3 ug), which was dried at 60 °C in the air for 20 min.

2.6. Electrode characterization

The mp; of the investigated electrodes was measured by inductively
coupled plasma optical emission spectroscopy (ICP-OES) using a Ther-
moFisher iCAP 7600 DUO Thermo spectrometer. The samples were
prepared by digesting a piece (0.57 cm? area) of the catalyst electrode in
HCI/HNOg (3:1, vol/vol) for 18 h. The resulting solution was then
diluted to 100 mL with Milli-Q water. The ICP-OES measurements were
affected by a systematic error of ca. 5%. Experimental mp; values,
measured on different pieces of the produced electrodes, were found to
be 296 + 28 pg cm ™2 for Pt/graphene and 305 =+ 32 pg cm ™2 for Pt/C.
Scanning electron microscopy (SEM) measurements were acquired on a
JEOL JSM-6490LA microscope operated at an acceleration voltage of
5-10 kV, while energy-dispersive X-ray spectroscopy (EDS) measure-
ments were performed at 20 kV. To acquire reliable Pt:C weight ratios,
rather than specific values from a very small spots, EDS maps were
recorded from large areas where the CPR fibers were well-covered by the
Pt/graphene catalytic layer to exclude the contribution of C element
from the GDL. The obtained Pt and C atomic contents were used for the
calculation of Pt:C weight ratio, confirming the values expected from the
EDS analysis of the Pt/graphene powders. A potentiostat/galvanostat
(VMP3, Biologic) equipped with an external high-current booster
channel was used to perform the electrochemical measurements of the
electrodes at room temperature, using a three-electrode cell configura-
tion in a polytetrafluoroethylene (PTFE) cell. A Pt wire was used as the
counter electrode. A 6 M KOH-filled Hg/HgO electrode with a PTFE-
body was used as the reference electrode for alkaline media. The
reference electrode was calibrated using standard calibration protocols
[48]. The electrolyte was 1 M KOH. The Pt electrochemically active
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surface area (ECSA) of Pt/graphene (or Pt/C) catalysts was measured
through the Hypp methods [49,50] performing cyclic voltammetry (CV)
measurements on RDE at 50 mV s~ ! potential scan rate. The 50th CV
curve was analysed for the ECSA calculation. The ECSA was determined
by charge integration of the hydrogen adsorption region (Qyg-upd) after
performing a double-layer current correction. Considering a theoretical
charge of 210 pC cm™2 for the adsorption of a monolayer of hydrogen at
the surface of polycrystalline Pt (Qmono) [50] massp-normalized ECSA
was calculated as:

QH*uPd/(Qmonn X Masspy)

A multistep chronopotentiometry (CP) protocol was used to acquire
the galvanostatic polarization curves of the electrodes. The cathode
potential was measured over 5 min for each current step. The potentials
at the end of each current step were used to provide the points of the
polarization curve. The galvanostatic polarization curves were iR-
corrected (i is the measured working electrode current and R is the se-
ries resistance) considering R as the high-frequency resistance measured
through electrochemical impedance spectroscopy (EIS) measurements
of the electrodes. The series resistance was measured for each current
step to consider possible resistance during measurements. Indeed,
resistance change may be caused by gas bubbles formation and tem-
perature variation [51]. Potentiodynamic linear scan voltammetry
(LSV) measurements were also conducted using a 2 mV s~ ! potential
scan rate. The potentiodynamic LSV curves were iR-corrected by
measuring R at the open circuit potential.

2.7. Alkaline electrolyzers assembly

The 1 cm?AELs were produced by modifying a commercially
available zero-gap single electrolysis cell hardware (Dioxide Materials),
including corrosion resistant Ni-based anode and cathode flow field
(bipolar) plates, O-ring seals, and PTFE gasketing. Zirfon Perl UTP 220
was used as the diaphragm. A piece of hydrophilic carbon cloth was used
as additional GDL at the cathode side. The cathode was a Pt/graphene or
a Pt/C electrode, while stacked SSMs were used as anode in all the
investigated AELs. Before use, the SSMs were cleaned with IPA/EtOH
(1:1 vol/vol) and distilled water and dried using an air stream. The cell
components were compressed during cell assembling to realize the
(quasi) zero-gap AEL configurations.

2.8. Alkaline electrolyzer characterization

The AELs were connected to a custom-built station. The anodic and
cathodic compartments were fed with 30 wt% KOH solution through a
peristaltic pump (Masterflex L/S Series). The electrolyte flow rate was
30 mL min~! cm™2. The electrolyte temperature was 80 °C, as controlled
with a proportional-integral derivative controller. The AELs operated at
atmospheric (1 bar) system pressure with separate electrolyte cycles.
The latter avoids mixing of the anodic and cathodic electrolytes [52].
Thus, the anodic hydrogen contamination is limited, ensuring a safe AEL
operation without requiring extra gas separating unit to reduce the
crossover or the hydrogen content within the anodic half-cell [52]. The
AELs were powered by a potentiostat/galvanostat (VMP3, Biologic)
equipped with an external high-current booster channel. Galvanostatic
polarization curves were acquired through a multistep CP protocol. The
cell voltage was averaged over 3 min of each current step to provide a
point of the polarization curve. To follow recommended practices
guaranteeing the reproducibility of the polarization curves [23], the
AELs were preconditioned through 6 CV cycles between cell voltages of
1 Vand 2 V at a voltage scan rate of 5mV s 1. The stability of the AELs
was assessed by means of an accelerated stress test (AST). As similarly
reported for other type of electrolyzers (e.g., PEM-ELs) [53], our AST
protocol consists of alternating current density steps of 1 A cm™2 and
0.05 A cm ™2, Each galvanostatic step was kept for 15 min for a total test
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duration of 24 h. The voltage efficiency of the AELs was calculated
assuming a Faradaic efficiency for the HER equal to 1, thereby:

voltage efficiency = Eyey/Ecenl

in which Ey (1.18 V) is the thermodynamic reversible voltage for water
electrolysis, i.e., the minimum voltage required for the onset of water
electrolysis (at 80 °C and 1 bar), while E. is the cell voltage. To
facilitate the comparison of the performance of our AEL with those re-
ported in the literature, the following energy efficiency metrics were
also calculated:

energy efficiencyyyy = (Mg x HHV)/ energy;, . = E} /Eca

and

energy efficiency, yy = (Mo x LHV) fenergy;,, = 1.25/Ecay

in which HHV and LHV are the hydrogen higher and lower heating value
(141.7kJ gﬁ% and 120 kJ gﬁ%), respectively, My is the hydrogen weight
produced by the AEL, E}, is the thermoneutral voltage for the water
electrolysis at standard temperature and pressure conditions (i.e., 1.48
V), Ecen is the cell voltage, energyinpy is the electric energy utilized to
produce the hydrogen, calculated by multiplying the operating power of
AEL by time. Energyinpu: neglects some energy input contributions,
including the thermal energy input and the energy consumption from
water peristaltic pumps. [54] Consequently, despite they permit a direct
comparison with literature results, our energy efficiencies are approxi-
mated metrics of the industrial ones.

3. Results and discussion

Pt NPs were anchored to single-/few-layer flakes of graphene
(Scheme 1) to follow the structural design for standard Pt/C catalysts.
[55] In such a catalysts structure, carbon black (e.g., Vulcan XC-72R)
supports Pt NPs to provide high ECSA by avoiding Pt agglomeration
while ensuring high electronic conductivity (2.8 S cm™! for Vulcan
XC-72R) [56] and efficient ion transport through the micro-/-
mesoporous carbonaceous network.

3.1. Materials production

Graphene was produced through the industrial WIM exfoliation
method (STEP 1la, Scheme 1) [39,57], which provides a massive pro-
duction of single-/few-layer graphene flakes (production rate of
~0.4gmin ! on a single WJM apparatus) and a ~100% exfoliation
yield (defined as the ratio between the weight graphitic flakes and the
one of the initial graphite). Fig. la,b reports the BF-TEM and AFM

STEP 1a

WJM exfoliation
of graphite

STEP 1b

Synthesis of Pt
NPs in water

Citrate-coated spherical
Pt NPs in water

Defect-free 2
graphene flakes . )

), citrate-coated Pt NPs

|
P

|
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images of representative WJM-produced graphene flakes, which have a
flat morphology and irregular shapes. Lateral size and thickness data
follow log-normal distributions (Fig. 1¢,d), peaking at 990 and 2.5 nm,
respectively, indicating the main presence of single/few-layer graphene
flakes. Fig. 1e shows a Raman spectrum of the WIM-produced graphene
sample, compared to that of starting graphite, normalized to the G peak.
The spectra show the characteristic peaks of graphene and graphite (i.e.,
G, D, D’ and second-order peaks, namely 2D and D + D’) [58,59]. As
discussed in previous literature, in the I(2D1)/I(G) vs. I(2D2)/1(G) plot
(Fig. 1f, I(X) denotes the intensity of the peak X), the data that fall above
the line I(2Dy) = I(2D;) correspond to flakes with less than 5 layers,
while those below that line refer to flakes with more than 5 layers
(spectroscopically indistinguishable from graphite) [60,61]. Thus, our
data confirmed the single-/few-layer structure of the WJM-produced
flakes. In addition, I(D)/I(G) does not correlate with FWHM(G)
(Fig. 1g), which means that the flakes do not have structural defects
located on their basal plane [62,63]. The Pt NPs were synthesized via a
facile, scalable and eco-friendly method (STEP 1b, Scheme 1) that pro-
duces size-tuneable spherical NPs without relying on the use of
catalyst-poisoning reagents/organic coatings [43,44]. In fact, Pt NPs
were stabilized in the water-based graphene dispersion through weakly
bound citrate molecules that act as stabilizing agents in polar media
[46], as proved by the negative { potential of the citrate-coated Pt NPs
dispersion (Table S1). Recently, the binding modes of various
carboxylate-containing systems on PGM surfaces have been extensively
examined and it has been found that citrate ions exhibit three different
binding modes to the PGM surface. [64] Fig. 1h shows a BF-TEM image
of citrate-coated Pt NPs, which feature a spherical shape with an average
diameter of 4.1 + 0.6 nm (Fig. 1i). The Pt NPs were then mixed with
graphene flakes (STEP 2, Scheme 1), and the citrate coating of the Pt NPs
was easily removed by increasing the pH through NaOH addition (STEP
3, Scheme 1) [45], without recurring to harsh surface cleaning pro-
cedures [65]. Indeed, the alkalinity of the system causes the trans-
formation of monodentate citrate ion into tetradentate-coordinated
trisodium citrate [66]. The electrostatic repulsion between highly
charged citrate molecules causes the detachment of citrate molecules,
subsequently leading to the deposition of the Pt NPs on the target sup-
port [67], ie., graphene, without requiring complex/time-consuming
immobilization processes [43]. This mechanism is supported by the in-
crease of the { potential of the citrate-coated Pt NPs after the addition of
1 M NaOH (Table S1). A nearly complete precipitation of Pt NPs was
observed after 1 h (Fig. S1). Also, the { potential of the native graphene
dispersion in water:EtOH (80:20 vol/vol, see Experimental section) is
negative (—47.1 mV, see Table S1), indicating a negatively charged
graphene surface, which is consistent with previous studies [61,62].
During STEP 3, the addition of NaOH in the water-diluted graphene

Mixing graphene and Platinum on graphene

(in water)

J\J

+ NaOH
I sTep a’
Citrate coating

- removal Vg
. .

Water (+ EtOH trace) dispersion

Scheme 1. Schematic representation of the Pt/graphene catalysts production.
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Fig. 1. (a) BF-TEM and (b) AFM images of the WJM-produced graphene flakes. (c) BF-TEM statistical analysis of the lateral size of the graphene flakes (146 flakes).
(d) AFM statistical analysis of the thickness of the graphene flakes (103 flakes). (e) Raman spectra of the WJM-produced graphene flakes and native graphite powder
(the batch of the latter was used for parallel works, and its Raman spectra is representative). (f) I(2D;)/1(G) vs. I(2D5)/I1(G) and (g) I(D)/I(G) vs. FWHM(G) plots for
the WIJM-produced graphene flakes. The dashed line I(2D;) = I(2D,) represents the multilayer condition (~5 layers). (h) BF-TEM image of citrate-coated Pt NPs. (i)
BF-TEM statistical analysis of the diameter of the Pt NPs. (j) BF-TEM image of Pt/graphene catalysts.

dispersion further promotes the deprotonated state of graphene,
favouring a robust anchoring of Pt NPs during the precipitation of the
latter, as previously observed for positively charged molecules [61].
Importantly, the defect-free graphene structure guarantees an optimal
control of the Pt NP anchoring, which is instead uncontrolled in defec-
tive carbon because of the enhanced reactivity of functional groups
compared to the sp? lattice of pristine graphene [68-70]. In addition, the
2D morphology of the graphene flakes intrinsically acts as a physical
barrier against the movement of the Pt NPs, which are therefore opti-
mally trapped by graphene, avoiding precipitation losses. Fig. 1j shows
the BF-TEM images of the Pt/graphene, evidencing that Pt NPs are ho-
mogeneously distributed over the surface of the graphene flakes, acting
as effective Pt NPs-anchoring conductive supports.

3.2. Electrochemical characterization of the Pt/graphene

Cyclic voltammetry measurements in 1 M KOH were carried out to

estimate the ECSA of Pt/graphene deposited on RDE coated through the
Hypp method [49,50]. As shown in Fig. 2a, the recorded CV curves of
Pt/graphene exhibit a voltammetric profile associated to a poly-oriented
Pt surface. In the high-potential region (>0.5 V vs. RHE), the peaks are
associated to the oxidation/reduction of Pt surface towards Pt-OH and
Pt-oxides, which concomitantly form with the specific adsorption of
anions. [71] The peaks at +0.25 V vs. RHE and +0.36 V vs. RHE in the
hydrogen ad-/desorption region are associated to an exchange between
hydrogen and co-adsorbed hydroxide and water at the Pt(110) and Pt
(100) facets [72,73] respectively, while the broad band underlying the
peaks is generally attributed to the hydrogen adsorption on Pt(111)-like
terrace [74], as well as cation adsorption and OH desorption [73,75].
Compared to typical voltammograms of Pt in acidic media, the hydrogen
adsorption/desorption peaks are found at more positive potential (vs.
RHE), in agreement with the non-Nernstian pH-dependence of the
hydrogen binding energy for the Pt(110) and Pt(100) facets [76,77]. By
analysing Qp.upq in the hydrogen adsorption region (see Experimental
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Fig. 2. (a) RDE curve measured for Pt/
graphene catalysts in 1 M KOH (50th CV
scan, potential scan rate = 50 mV s 1).
Inset panel shows the BF-TEM image of
the Pt/graphene catalysts after the Hypp
characterization. (b) Top-view SEM image
of Pt/graphene electrode consisting of a
sprayed Pt/graphene catalysts coating on
CPR substrate. The inset panel shows a
SEM image of Pt/graphene electrode with
increased magnification compared to that
of the main panel. (c) SEM-EDS analysis of
Pt/graphene electrodes. Panel (i): SEM
image; panel (ii): C EDS-map; panel (iii) Pt
EDS-map. (d) Mass activity and (e) ECSA-
normalized activity (ECSA estimated by
Hypp method) measured for Pt/graphene
and commercial Pt/C electrodes. Pt/C
electrode was also evaluated in a parallel
study (see ref. [20]).
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section), the masspi-normalized ECSA of our Pt/graphene was estimated
to be 10.6 m? gp!. This value is consistent with those reported for
sub-10 nm Pt NPs [77]. Importantly, when Pt/graphene was redispersed
in EtOH through ultrasonication, the Pt NPs were still anchored to the
graphene surface (inset of Fig. 2a), indicating that the interaction be-
tween graphene and Pt NPs is preserved after the operation of the cat-
alysts in alkaline media. Fig. S2a reports the CV curves obtained for
commercial Pt/C catalysts, whose massp-normalized ECSA was found to
be 39.5 m? gﬁtl, in accordance with the small diameter (<3 nm) of their
Pt NPs (see BF-TEM image in Fig. S2b). Noteworthy, considering their
different synthesis methods, the specific facets exposed by our Pt NPs
and by the Pt particles in the commercial Pt/C catalyst may also differ
substantially, leading to different ECSA-normalized activities, as shown
hereafter. The as-produced aqueous dispersion of Pt/graphene was then
spray coated onto CPR to produce a cathode for AELs with a mp; of ~300
ug cm 2, as confirmed by ICP-EOS measurements. This mp is similar or
even inferior to those used in cathodes for high-performance electro-
lyzers operating either in alkaline [10,12-16] or acidic media [78,79].
As shown in Fig. 2b, Pt/graphene catalysts cover the graphitic fibres of
the CPR. Thanks to their 2D morphology, Pt/graphene catalysts are

2 3 4 5 6 7

ECSA-normalized activity (mA cmgg,?)

trapped by the CPR fiber tangle. Consequently, we initially speculate
that Pt/graphene forms a surface coating that can minimize the distance
of the catalytic site from the diaphragm of a zero-gap AELs, while
avoiding catalysts detachment if Pt NPs are anchored to the graphene
surface, as supported by { potential measurements. Notably, since CPR
acts like a filter during the deposition of Pt/graphene via spray coatings,
in the SEM image reported in Fig. 2b, the biggest flakes, with lateral
dimension higher than 5 um, stands out. Their presence, however, has
been found to be marginal by the BF-TEM analysis of the WJM-produced
sample (see Fig. 1c). By increasing the magnification of the SEM image
(inset panel of Fig. 2b), the flakes with smaller lateral sizes (e.g., < 1 um)
are also evidenced over the CPR fibres, showing their pronounced
presence, which is consistent with our BF-TEM analysis (Fig. 1c). Con-
trary to Pt/graphene, previous literature indicated that Pt/C can instead
infiltrate porous CPR when the catalyst size is inferior to that of the
substrate pores, leading to a progressive loss of the catalytic materials
during both electrode preparation and operation [80,81]. As shown in
Fig. S2b, in Pt/C, carbon black particles have an average diameter well
below 100 nm, which is significantly lower than the average lateral size
of our WJM-produced graphene flakes (see Fig. 1c). Fig. 2c shows the
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SEM-EDS analysis (SEM image and the corresponding C and Pt EDS
maps) of the Pt/graphene electrode, for which we found a Pt:C weight
ratio of 0.23, near the expected one of 0.2. The Pt/graphene cathode was
first evaluated in a three-electrode cell configuration, by acquiring its
galvanostatic polarization curves, following the practices recommended
for nanostructured electrodes [49,82-85]. To evaluate the intrinsic ac-
tivity of our Pt/graphene compared to commercial Pt/C (deposited on
CPR with mp; of ~300 pug cm ™2, as described in a parallel study, see ref.
[20]), the cathodic current of our electrodes was normalized on mp;
(mass activity of Pt -MAp-) or ECSA of our Pt NPs (ECSA-normalized
activity). Compared to Pt/C, Pt/graphene shows a slightly superior MAp¢
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towards the HER, reaching ~540 mA mgp{ at the HER overpotential (vs.
RHE) of 0.1 V (Fig. 2d). Being mp; the same in Pt/graphene and Pt/C, the
geometric activity (i.e., the geometric area-normalized cathodic current
vs. overpotential) of our electrodes reflects the MAp; of our electrodes.
To refer to an operating (geometric) current density condition
approaching that of AELs (i.e., hundreds of mA cm~2), the overpotential
(vs. RHE) at 100 mA cm 2 (N100) was used as a catalytic activity metric.
As shown in Fig. S3, our Pt/graphene featured a 119 of 0.062 V, lower
than that of Pt/C (0.068 V) and approaching the performances achieved
with PGM-based catalysts (e.g., PGM-transition metal alloys or metal

single atoms) in acidic media [34,86]. Interestingly, the
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Fig. 3. (a) Sketch of our AEL configurations, using Pt/graphene or Pt/C cathode, stacked SSMs anode (no GDL) and Zirfon UTP 220 diaphragm. Operating conditions:
30 wt% KOH electrolyte; atmospheric pressure (1 bar); 80 °C temperature. Reference AEL based on Pt/C was also investigated in a parallel study, see ref. [20]. (b)
Galvanostatic polarization curves measured for the AELs based on Pt/graphene or Pt/C cathodes (mp; ~300 pg cm 2) and (c) Power density and efficiency of
Pt/graphene || SSMs AELs as a function of the current density. (d) 24 h-ASTs for Pt/graphene||SSMs and Pt/C||SSMs AELs. (e) Comparison between SEM image of
Pt/graphene cathode after 24 h-AST. (f) SEM-EDS analysis of Pt/graphene electrode before and g) after the 24 h-AST of its corresponding AEL.
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ECSA-normalized activity of Pt/graphene is significantly superior to that
of Pt/C (Fig. 2e). As suggested by the different shapes of the CV curves in
the Hypp region measured for our Pt NPs and those in Pt/C (Fig. 2a and
Fig. S2, respectively), the higher ECSA-normalized activity of our Pt NPs
compared to those in Pt/C may be due to their different structural
characteristics, which may also regard the Pt facets exposure [87].
Furthermore, the Pt NPs interaction with graphene (thus, sp2 C) can also
promote the reduction of adsorbed H' and accelerate the Hy desorption
more favourably than the interaction between Pt and carbon black
(including sp3 C) [88]. Potentiodynamic LSV curves (Fig. S4) also
confirmed the activity trends retrieved from the galvanostatic polari-
zation curves, even though other possible reactions, e.g., hydrogen
adsorption, and double-layer charging can lead to inaccurate determi-
nation of activity metrics, especially at low HER-overpotentials [49,
82-85].

3.3. Pt/graphene-based AEL performances

After assessing their HER-activity in the three-electrode cell config-
uration, Pt/graphene electrodes were further evaluated as cathodes in
atmospheric AELs operating with 30 wt% KOH aqueous electrolyte at
80 °C. Indeed, three-electrode cell configuration tests are not sufficient
to assess the performance and stability of our electrode in the AEL
operating conditions [23,89-91], which include mechanical stresses
associated to cell torque, electrolyte circulation and pronounced gas
bubbling [23], as well as temperature and electrolyte concentration
higher than those commonly used at electrode-level characterization
[4].

Single-cell AELs were assembled by pairing either Pt/graphene or Pt/
C cathodes with stacked SSM-based anodes (Fig. 3a). Stainless-steel has
been recently established as inexpensive catalysts for the oxygen evo-
lution reaction (OER) with robust performances [92-94] even under
fluctuating potentials (e.g., those occurring during AEL shutdowns [95]
or when AEL are powered by renewable sources [96]), that cause
repeated oxidation and reduction of catalysts [97,98]. Zirfon PERL UTP
220 membrane was used as a diaphragm with low ohmic areal resistance
(~0.1 Q em™2) [99] and limited hydrogen crossover (anodic hydrogen
content typically < 2%, <0.2% at operating current density > 500 mA
cm~2) when operating at pressures lower than 20 bar [99]. The
so-realized AELs are herein after labeled as cathode||SSMs, where the
cathode is either Pt/graphene or Pt/C. Fig. 3b shows the galvanostatic
polarization curves measured for the investigated AELs. Pt/graphene||
SSMs outperformed Pt/C||SSMs (as tested in a parallel study, see ref.
[20]), reaching 0.5 A cm’z, 1Acm2and2Acm 2at1.62 V,1.71 Vand
1.88 V, respectively, which is consistent with the superior HER-activity
(measured in three-electrode cell configuration) of Pt/graphene
compared to Pt/C. Moreover, after acquiring the galvanostatic polari-
zation curve for the Pt/C||SSMs, the catholyte changed color, showing a
darkening attributed to a pronounced Pt/C catalysts detachment. This
effect was not observed for the Pt/graphene||SSMs configuration. Thus,
the progressive loss of catalysts in Pt/C could also degrade the AEL
performance during the galvanostatic measurements, indicating that a
suitable binder must be incorporated into the cathode formulation, as
known from literature reporting other type of electrolyzer technologies
[21,22]. In contrast, Pt/graphene operated robustly even in absence of
additional binders, preventing the latter from passivating the catalytic
sites of the catalysts. Consequently, as shown in Fig. 3c, our Pt/gra-
phene||SSMs operated with voltage efficiency of 72.8%, 68.8% and
62.9% at 0.5 A cm 2 1 Acm 2 and 2 A cm™2, respectively. These
voltage efficiencies correspond to energy efficiencyyyy of 91.3%, 86.2%
and 78.9% (energy efficiency gy of 77.1%, 72.8% and 66.6%), respec-
tively. These performances approach those reported for the most effi-
cient electrolyzers, including AEM-ELs and PEM-ELs (see Table S2). To
assess further the robustness of our Pt/graphene cathode, its corre-
sponding AEL was tested through a 24 h-AST protocol consisting of
alternating galvanostatic steps between 1 A cm ™2 and 0.05 A cm ™2, with
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each galvanostatic step kept for 15 min. As shown in Fig. 3d, Pt/gra-
phene||SSMs exhibited a nearly stable voltage at 1 A em ™2, leading to a
voltage increase as low as +36 mV at the end of the test. Conversely,
Pt/C||SSMs featured a voltage increase of +190 mV, confirming the
Pt/C instability previously observed during the polarization curve test.
To quantify the retention of the catalysts in our AEL cathodes during
operation, SEM-EDS analysis of the investigated cathodes was con-
ducted after the ASTs. As shown in Fig. 3e, after the AST, Pt/graphene
still showed flakes of graphene trapped within CPR fibers, similarly to
the as-produced electrode (Fig. 2b). This supports our findings that,
thanks to their 2D morphology, Pt-anchoring graphene flakes are hardly
detached from the electrode, being filtered by CPR fibers. In addition,
the elemental EDS maps show that the Pt was still homogeneously
distributed over C after the AST (Fig. 3f), revealing a Pt weight retention
approaching 100% (see SEM-EDS analysis of the as-produced electrode
in Fig. 2c). Differently, for the Pt/C cathode, electrode materials
massively detached and dispersed into the electrolyte (Pt weight
retention as low as 21%) (Fig. S5), indicating that, in the absence of a
suitable binding agent, Pt NPs deposited onto carbon black aggregates
can move through the pores of the CPR substrate (the overall size of the
aggregates is <100 nm). Overall, our results confirmed that graphene
can be used as an ideal support for Pt NPs for the realization of advanced
binder-free cathodes for AELs.

4. Conclusions

In summary, we reported that graphene, produced through an in-
dustrial liquid-phase exfoliation method, i.e., WJM exfoliation of natural
graphite, can be used as ideal support for Pt NPs acting as catalysts for
alkaline HER. Platinum NPs were synthesized via a facile method in an
aqueous environment that does not rely on surface-poisoning reagents
(e.g., shape-directing agents like poly(vinylpyrrolidone), tetradecyl tri-
methyl ammonium bromide, cetyltrimethylammonium bromide and
hexadecylpyridinium bromide, commonly used for the synthesis of
nanocrystals), leading to a citrate-capped Pt NPs. Once these NPs are
supported on our WJM-produced graphene flakes in water dispersion,
the removal of their citrate coating through NaOH addition promotes a
chemical interaction of surface-cleaned Pt NPs and graphene flakes,
resulting in Pt/graphene catalysts. The as-produced catalysts can then
be deposited onto conventional support acting as GDLs by means of
large-area printing/coating techniques. Thus, Pt/graphene catalysts
were sprayed on conventional CPR substrates, realizing binder-free
cathodes for AELs. In terms of HER-activity, our Pt/graphene cathodes
outperform benchmark Pt/C, resulting in AELs operating with current
densities of 0.5 Acm ™2 1 Acm 2 and 2 A cm ™2 at voltages of 1.62 V,
1.71 and 1.88 V, respectively. These performances correspond to energy
efficiencies (based on the hydrogen HHV) of 91.3%, 86.2% and 78.9%,
respectively, approaching the record high-values present in the litera-
ture for competing technologies, including AEM-ELs and PEM-ELs. In
addition, the Pt-anchoring 2D morphology of graphene guarantees that
the catalysts are trapped within CPR fibres, preventing the electrode
material detachment even in absence of any polymeric binder. On the
contrary, Pt/C cathodes showed a pronounced electrode material loss
associated to the small size of carbon black aggregates, which can move
through the pores of the CPR, thus detaching from the substrate during
the AEL operation. Overall, our results prove that graphene can repre-
sent an ideal support for catalytic nanoparticles for the realization of
advanced binder-free (or low-binder content) electrodes with superior
performance in AELs. The absence of binder intrinsically avoids the
insulation of the cathode catalytic sites, while the 2D morphology of the
graphene blocks the Pt detachment, ensuring stable AEL performances.
We can anticipate the on-going works from our groups indicating that
the capital expenses of an ideal MW-scale system based on high-
performance single cells using Pt/C cathode are marginally affected by
mp; (considering values on the order of 100 pg cm~2) for single cell
current density of about 1 A cm™2. Considering the importance to
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minimize the operating expense by maximizing the AEL performances
over time, it is therefore crucial to consolidate AEL systems capable to
operate at a high current density well above those of traditional systems
(e.g., <400 A cm’z). In this scenario, the use of Pt/graphene cathodes
can potentially reduce the overall Hy production cost of the AEL plants
based on Pt/C cathode, supporting the achievement of worldwide 2030
targets (<$2.5 kggs) [100].
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