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ABSTRACT: The production of hydrogen via water electrolysis 25 7 e
using renewable electricity is a promising carbon-neutral ‘ Graphene 20 4 _ g
technology. In this contribution, we report insights into the Graphene/Py(111) ¢e&e°“\'e 215 ]
hydrogen evolution reaction (HER) in H,SO, on Pt(111) and <10 |
graphene-covered Pt(111), in addition to the electrochemical i .
properties of graphene overlayers. As-prepared graphene overlayers

0 m

are selectively permeable to H" ions in the electrolyte, allowing H*
ions into the confined layer between graphene and Pt(111) while
excluding SO,*~ and other anions. We demonstrate that defects in
these as-prepared graphene overlayers can be generated from
oxidation at high overpotentials or reduction from the production
of H, bubbles and postulate that HER occurs locally at only Pt(111) in the proximity of defects in graphene overlayers on as-
prepared G/Pt(111) electrodes, and as defects in graphene increases, more of the Pt(111) surface becomes utilized for HER.
Kinetically, the addition of defective graphene overlayers can increase the geometric HER rate by up to 200%, while Tafel slopes and
[H'] reaction orders remain unchanged. These results shed kinetic insight into the nature of graphene overlayers and their effect on
HER catalysis and also demonstrate the promise of confinement modifications in designing catalysts with properties closer to
achieving optimum rates.

as prepared
defective
Pt(111)

KEYWORDS: graphene, Pt(111), confinement, hydrogen evolution reaction, intercalation, transport limitations, defect engineering

1. INTRODUCTION

With the rise and demand for green energy stemming from
climate change, fundamental understanding and ultimate
deployment of carbon-neutral or carbon-negative technologies
are in pressing need. One promising method for the
production of non-fossil-fuel-based energy and products
involves utilizing electricity produced from renewable

The effect of overlayer confinement on single crystals for
catalysis has previously been studied for low-pressure CO
oxidation. Zhang et al. observed that a hexagonal boron nitride
(h-BN) confining layer over Pt(111) increases CO oxidation
reaction rates at temperatures lower than 225 °C and decreases
CO oxidation rates at temperatures higher than 225 °C (8
Torr CO, 4 Torr O,, 200—300 °C).° Yao et al. observed that
graphene-covered Pt(111) decreases CO oxidation reaction

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

resources (solar, wind, etc.) to produce hydrogen fuel from
water over an electrocatalyst. Computational and experimental
studies on a variety of model catalytic surfaces have led to
design rules where the reaction rate of catalysts is found to
correlate with descriptors such as the binding energy of
intermediates. These correlations, called volcano plots, suggest
that the optimal catalyst exhibits moderate binding energies of
the relevant intermediates that are neither too strong nor too
weak.' ™ Several computational studies have demonstrated
that reaction rates faster than the optimum of the volcano are
limited by scaling relations between different intermediates.*”
In an effort to understand these scaling relations and further
optimize catalysis, researchers are turning their focus toward a
variety of catalyst modification strategies.” In this work, we
utilize one of these modification strategies—confinement—by
covering Pt(111) with graphene overlayers and studying its
effect on the hydrogen evolution reaction (HER).

© 2021 The Authors. Published by
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rates at temperatures higher than 250 °C and increases CO
oxidation rates at temperatures lower than 250 °C (20 Torr
CO, 10 Torr O,, 200—400 °C).” CO oxidation rates were also
observed to increase on h-boron-nitride-confined Pt nano-
particles.® These results suggest that confining overlayers may
have a significant effect on CO oxidation rates at low
temperatures where rates are limited by kinetics and transition
to mass-transfer limited rates with increasing temperature.””""
It has also been demonstrated that CO, reduction selectivity
may be tuned when catalytically active surfaces are confined by
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flat organic molecules."”™"* Specifically, for hydrogen
evolution, HER rates are enhanced when Pt(111) is covered
by flat caffeine molecules," and electrode stability is improved
when Pt is confined by SiO, nanomembranes.'®™"*

The effect of overlayer confinement on single crystals has
also been studied with density functional theory (DFT)
calculations. The results of DFT calculations reported by Gao
et al. exhibit no significant changes in the graphene electronic
structure between free-standing graphene and graphene on
Pt(111), indicating weak interaction between graphene and
Pt(111)." Furthermore, Li et al. demonstrated that the Gibbs
free energy of adsorption decreases slightly for a variety of
adsorbates (H, C, N, O, S, O,, OH, NO, CO, among others)
on several metal surfaces including Pt(111).”° Zhou et al.*'
also computed a decrease in Gibbs free energy of adsorption of
H on metal (111) surfaces after the addition of a graphene
overlayer. In addition, Trasatti et al. and Greeley et al
demonstrated that the HER rate follows a volcano-type plot as
a function of the computed Gibbs free energy of absorption of
H for a number of metal surfaces.”****® Since Pt(111) lies on
the strong binding leg of the volcano,” if we combine this
observation with the predicted shift in the Gibbs free energy of
H toward weaker binding,zo’21 the prediction is that a Pt(111)
surface covered by a graphene overlayer should be a better
catalyst than unmodified Pt(111).

Fu et al. experimentally synthesized and characterized
graphene overlayers on Pt(111) using cyclic voltammetry
(CV) and demonstrated that the HER onset overpotential is
about ~0.1 V more negative on G/Pt(111) than on Pt(111) in
H,SO,, HCIO,, HC], and NaOH, indicating a decrease in the
HER rates in the presence a graphene overlayer on Pt(111),
seemingly in contradiction with the predictions by DFT. We
demonstrate in this contribution that this contradiction and
low HER rates on G/Pt(111) are due to HER transport
limitations through graphene overlayers. Fu et al. also
demonstrated that graphene overlayers selectively allow H
adsorption through H' transfer while preventing anions
(SO,, CI5, OH~, ClO,”) from adsorbing to Pt(111).”*
This selectivity was also later demonstrated by Baby et al. on
G/Pt(111)*>?° and by Hu et al. on G/Ni and G/Cu.”’ It was
also shown by Fu et al. that multilayer graphene suppresses
both H adsorption and HER.***’

Defect-free graphene has been demonstrated to tunnel H*
ions at rates 3 orders of magnitude faster than gases (He, H,,
N,, O, etc.).”® " Furthermore, the introduction of local
curvature (e.g, ripples, folds, wrinkles, etc.) to defect-free
graphene has been postulated to increase the permeation rate
of H,” In reality, however, when graphene is grown via
chemical vapor deposition (CVD) on single-crystal metal
surfaces, defects at both graphene domain boundaries and
within the graphene domain are observed using atomic-
resolution scanning tunneling microscopy (STM).19’33’34
Studies have also observed convex features on the order of
10 nm on graphene overlayers during hydrogen evolution with
atomic force microscopy (AFM) and scanning tunneling
microscopy (STM) and that the density of these convex
features is ten times more dense on pristine graphene than on
defective graphene; these convex features are attributed to
trapped H, bubbles below graphene.**° Therefore, it is still
unclear how graphene modulates the reactivity of Pt(111), and
how graphene affects the transport of reactants and products to
and from Pt(111).

In this study, we report the effect of different electro-
chemical pretreatments on kinetic and physical properties of
G/Pt(111) and demonstrate that defective graphene is
necessary to overcome inherent transport limitations of H*
and H, through graphene overlayers. With these transport
limitations out of the way, defective G/Pt(111) turns out to be
indeed a better catalyst for HER than unmodified Pt(111).

2. EXPERIMENTS AND METHODS

2.1. Borosilicate Cell Cleaning Preparation. In-house
borosilicate cells and all other glassware to be used in the
electrolyte preparation were cleaned using a procedure
outlined in Arulmozhi et al.’” In summary, glassware was
soaked in a 0.5 M H,SO, solution (Sigma-Aldrich, 95.0—
97.0%) containing 1 g¢ L' KMnO, (Sigma-Aldrich, >99.0%)
for at least 48 h at 23 °C. The glassware was then removed
from the solution, rinsed 3 times with ultra-high-purity (UHP)
water (Merck Milli-Q IQ 7000, <S ppb total organic content
(TOC), 18.2 MQ-cm at 25 °C) before submersion in piranha
solution (~1 M H,SO, (Sigma-Aldrich, 95.0—97.0%) and
~6% H,0, (Merck KGaA, 35%)) at 23 °C to dissolve traces of
KMnO, and MnO, for at least 30 min. The glassware was then
rinsed 3 times with UHP water and an additional 10 times with
boiling UHP water. All plastics to be in contact with the
electrolyte or the electrochemical cell were placed in a clean
borosilicate beaker, sonicated for 30 min in UHP water at 23
°C, and then washed 10 times with boiling UHP water.
Impurities reported by vendors for all chemicals used during
the cleaning process are listed in Table SO1.

2.2. Electrolyte, Electrode, and Reference-Electrode
Preparation. The sulfuric acid (H,SO,) electrolyte between
0.005 and 0.5 M was prepared by diluting H,SO, (Sigma-
Aldrich, TraceSELECT Ultra, >95%) with UHP water. A pH
meter (SI Analytics Lab 855) equipped with a pH electrode
(SI Analytics, BlueLine 14 pH) and pH buffer standards
(Hach, Certified Buffer Standard Solution, pH 4.00S and pH
1.679 at 25 °C) were used to measure and confirm the
electrolyte molarity after the completion of electrochemical
experiments to circumvent electrolyte contamination. The
electrolyte that had been in contact with a pH probe was never
used for electrochemical measurements. A parity plot between
the expected H,SO, molarity calculated from the dilution
equation and measured H,SO, molarity using the pH meter
confirms parity between the two methods (Supporting
Information, Section 3.1). Errors (two times the standard
deviation to cover ~95% of the spread) in the pH were
calculated to be ~17% using both error propagation
(Supporting Information, Section 4) and repeat measurements.
Impurities reported by vendors for all chemicals used for
electrolytes are listed in Tables S02 and S03.

A Pt(111) disk (Surface Preparation Laboratory (SPL), 6, 7,
or 10 mm diameter disk) was flame-annealed at the tip of the
blue flame from two butane torches (Toolcraft MT-770S with
FlameClassics Universal Gas Lighter Refill) for at least 3 min
prior to transfer to a cooling cell saturated with flowing 1:4 v/v
H,/Ar to cool for 5—10 min.>%° After cooling to room
temperature, the Pt(111) was protected with a bead of water
saturated with the cooling gas, quickly transferred in ambient
air to the electrochemical cell (typically ~10 to 20 s), and
deaerated for 5 min in flowing Ar in the volume above the
electrolyte. After confirming a quality Pt(111) crystal via cyclic
voltammetry (Supporting Information, Section 2.2), graphene
was grown in an induction cell via chemical vapor deposition
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(CVD) in a mixture of ethylene, hydrogen, and argon using the
procedure reported in Fu et al.”* We note that it has been
demonstrated that etching of the graphene overlayers by H,
also occurs during CVD, with consequences on the
morphology of the grown graphene.*’

The counter electrode used is a Pt sheet whose submerged
surface area is >2 times the surface area of the working
electrode to avoid limiting currents due to geometric
constraints."" The counter electrode was cleaned via flame
annealing at the tip of the blue flame from two butane torches
until no orange tint (indicative of sodium contamination) in
the flame is observed, then allowed to cool to room
temperature in ambient air prior to contact with the
electrolyte. The working electrode was brought into contact
with the aqueous H,SO, electrolyte at 0.1 Vyy; via a hanging-
meniscus configuration.”” Two reference electrodes were used
in this study: a Hydroflex (Gaskatel GmbH) reversible
hydrogen electrode (RHE) and a custom reversible hydrogen
electrode (RHE) that consists of hydrogen gas bubbling
through a platinum wire in contact with the solution. Both the
Hydroflex and custom RHE were separated from the main
electrolyte via a Luggin capillary.” Impurities reported by
vendors for all chemicals used during the electrode preparation
process are listed in Table S02.

2.3. Electrode Characterization Using SEM. Pt(111)
and G/Pt(111) were imaged using a Thermo Scientific Apreo
S scanning electron microscope (SEM). Pt(111) surfaces were
collected with a 15.00 kV and 0.40 nA electron beam at 150,
1000, and 5000 magnification. G/Pt(111) surfaces were
collected with a 15.00 kV and 0.025 to 0.40 nA electron
beam at 150, 1000, 5000, 30 000, and 60 000 magnification. To
avoid bias in acquisition and analysis, imaging locations were
determined by generating five random pairs of angles between
0 and 360° and radii with the constraint that no two points can
be 0.5 mm from each other.***

2.4. Electrode Characterization Using Cyclic Voltam-
metry (CV). The electrolyte was first saturated by flowing 100
to 200 sccm Ar (Linde, 6.0 Scientific Grade 99.9999%) for 30
min through two apertures: one through the electrolyte and
another into the chamber above the electrolyte. When
saturated, argon bubbling through the electrolyte is shut off
to ensure an unperturbed electrolyte surface as argon continues
to saturate the chamber above the electrolyte. The working
electrode potential was set to 0.1 Vyyg and a hanging-meniscus
contact between the working electrode and the electrolyte was
carefully formed. When the current reached steady state
(typically between 10 s and 4 min), six cyclic voltammograms
(CVs) were collected between 0.1 and 1.0 Vyyg with scan rates
of 50 mV s'. After completion, the potential was set to 0.1
Ve prior to breaking the meniscus between the electrode and
electrolyte solution. We proceed to further measurements if
the CVs are characteristic of quality Pt(111) or G/
Pt(111).>%%7

2.5. Steady-State Kinetic Measurements (Rates, Tafel
Slopes, Reaction Orders) Using Chronoamperometry
(CA). Steady-state kinetic measurements were collected in Ar-
saturated (Linde, 6.0 Scientific Grade 99.9999%) and H,-
saturated (Linde, 5.0 Detector Grade 99.999%) H,SO,. Once
saturated with Ar or H,, the potential is set to 0.1 Vyyg and a
hanging-meniscus contact between the electrode and electro-
Iyte is carefully formed. Steady-state HER rates between
potentials of 0.0 and —0.1 Vg were collected with periodic
repeats at —0.08 and —0.02 Vi to rule out systematic errors

(Figure SO1) and to ensure that the continual production of H,
does not significantly affect the HER rate throughout the
experiment. Back-of-the-envelope calculations using the
maximum HER rate measured (0.5 M H,SO, at —0.1 Vryg)
indicate that only 1/660 of the saturation limit of H, would be
reached during the time frame of the experiment if all H,
produced is dissolved in the electrolyte (Supporting
Information, Section 1.2). All currents and rates reported in
this study were normalized to the geometric area of the
electrode disk and corrected 100% for internal resistance
(Supporting Information, Section 3.2). Tafel slopes and [H*]
orders were computed using eqs 12. [H] orders were
reported on the RHE scale. Supporting Information, Section
3.4 discusses the influence of using a RHE and normal
hydrogen electrode (NHE) scales in analyzing reaction order
data and presents our results on bare Pt(111). All reported
errors are 2 times the standard deviation, which cover
approximately 95% of scattering in the data. If regeats were
difficult or too time consuming, error propagation’® was used
to estimate the error (Supporting Information, Section 4).

d(E)
Tafel slope = — -2 __
atel slope d(]og(j)) .,
[H*] order = M
d(log[H ]) o

2.6. Treatments and HER Testing Protocols. Two
different treatments (Table 1) were employed to study the

Table 1. Summary of the Three Different Treatments
Subjected on G/Pt(111) Electrodes

defect
generation
method description
as-prepared  Only HER between —0.1 and 0.0 Vyye
G/Pt(111)
EC-treated 250 cycles between 0.1 and 1.2 Vi at 500 mV s~ in

G/Pt(111) 0.005 M H,SO, prior to HER between —0.1 and 0.0 Vg

effect of different defect generation pretreatments on graphene
overlayers: only cathodic currents (as-prepared) and one block
of 250 oxidation—reduction cycles followed by cathodic
currents (EC-treated). The as-prepared G/Pt(111) involved
only H, generation during cathodic polarization, while the EC-
treated G/Pt(111) involved one oxidation—reduction cycling
block followed by H, generation. Both of these treatments
were used to study the long-term (>15 h HER) implications of
HER generation on the G/Pt(111) electrode where the
permeability of graphene was probed with CVs, surface
structures with SEM, and HER kinetics (rates, Tafel slopes,
and reaction orders) with chronoamperometry.

3. RESULTS AND DISCUSSION

3.1. Benchmarking HER for Pt(111) in H,SO, with the
Literature. CVs and HER rates measured on Pt(111) in
H,SO, quantitatively match the literature. The shape of the
Pt(111) CV in 0.005-0.5 M H,SO, in addition to the
potential and intensity of the H" adsorption feature and sharp
sulfate peak match those reported in the literature (Supporting
Information, Section 2.2).*” HER rates reported on Pt(111) in
inert—§as—saturated 0.5 M H,SO, by Kita et al. and Gomez et
al*%* (Figure SO05) and H,-saturated 0.5 M H,SO, by
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Figure 1. Cyclic voltammograms of (A) Pt(111), (B) as-prepared G/Pt(111), and (C) EC-treated G/Pt(111) in Ar-saturated 0.00S, 0.0S, and 0.5
M H,SO, at scan rates of S0 mV s™' at 23 °C. Each CV includes the first S cycles.

Markovi¢ et al.>° (Figure S06) are also indistinguishable from
our measurements within error. In addition, the independence
of steady-state HER rates from rotation (0 and 3000 rpm),
electrolyte concentration (0.005—0.5 M H,S0,), and potential
(0 to —0.1 V) on Pt(111) was also validated*® (Figures S07
to S09). The error of our steady-state HER rates measured at
3000 rpm (calculated as two times the standard deviation to
contain ~95% of the data) from repeat measurements was
determined to be ~18%.

3.2. Graphene Overlayers are Selective to H* but not
to Anions. CVs of as-prepared G/Pt(111) in Ar-saturated
0.005, 0.05, and 0.5 M H,SO, exhibit asymmetric irreversibility
in the H* underpotential deposition (Hypp) region between
0.1 and 0.4 Vgyg where decreasing concentrations from 0.5 to
0.005 M H,SO, lead to increased irreversibility (Figure 1B).
After EC treatment, this Hypp region becomes more
symmetric and reversible (Figure 1C). Furthermore, the CVs
are independent of the H,SO, concentration (Figure 1C) and
our G/Pt(111) CVs quantitatively match with CVs reported
by Fu et al.”* Several phenomena can be deduced from these
CVs, the first of which is that graphene overlayers selectively
allow H* adsorption/desorption while excluding SO,*~ and
other anions. Second, as-prepared graphene overlayers exhibit
resistance toward H' transport in the Hypp region, exhibited
by an asymmetric CV response that becomes more irreversible
with lower [H*] concentration. Third, EC treatment drastically
reduces irreversibility in the Hypp region, indicating that the
resistance against H" adsorption/desorption in as-prepared G/
Pt(111) is no longer limiting, due to the creation of defects
conducive toward facile H' transport across graphene
overlayers, as demonstrated with electrochemical impedance
spectroscopy by Arulmozhi et al.”’

3.3. Defective Graphene Increases Permeation to
S0,%~ and Exhibits Equal or Higher HER Rates
Compared to Pt(111). We observe an increase in HER
rates with reaction time on both as-prepared and EC-treated
G/Pt(111) (Figure 2A,B) in 0.005 M H,SO,, indicating that
both EC treatment and HER treatment are capable of
increasing the HER rate by increasing the rate of H" and H,
transport across graphene via the formation of defects within
the graphene. It has been demonstrated that HER treatment is
able to induce structural changes and defects onto
unsupported multilayer graphene.”> Rotating disk voltammetry
studies indicate that currents measured on G/Pt(111) after
10+ h of HER increase with the rotation rate but remain
constant for rotation rates higher than 1000 rpm (Figure S22).
Because the change in currents does not follow Koutecky—
Levich® and we visibly see the removal of bubbles, we deduce
that rotation does not improve Fickian diffusion but rather
prevents H, bubbles from accumulating on the electrode and

10895
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Figure 2. Geometric current densities measured in 0.05 M H,SO, at
—0.08 Vi Solid and hollow shapes are currents collected at 0 rpm
and 3000 rpm, respectively. HER rates measured at steady-state
chronoamperometry (CA) at —0.08 Vgyg in 0.05 M H,SO, on as-
prepared G/Pt(111) (A), EC-treated G/Pt(111) (B), and Pt(111)
(C). Corresponding CVs on as-prepared G/Pt(111) (D), EC-treated
G/Pt(111) (E), and Pt(111) (F) are also plotted to demonstrate
changes in the CV with increasing HER reaction time. Each CV
includes the first 5 cycles.

fouling the currents. In other words, kinetically limited currents
(i.e., intrinsic HER rates) are achieved by removing bubbles
from the surface by rotation at >1000 rpm and increasing
transport rates across graphene overlayers via the introduction
of defects in the graphene. All currents used to measure
reaction kinetics (HER rates, Tafel slopes, and [H*] orders)
will be reported at 3000 rpm, unless otherwise stated, in the
remainder of this paper.

A control experiment on Pt(111) demonstrates that the
HER rates decrease by ~30% over the course of 6 h (Figure
2C) in Ar-saturated 0.05 M H,SO, at 0 rpm while maintaining
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its Pt(111) structure as indicated by its CV (Figure 2F)
collected at 0 and 6 h of HER. This demonstrates that the
Pt(111) surface retains its long-range (111) structure and that
the decrease is likely due to fouling of the active surface from
H, bubbles, since breaking and reforming the meniscus
resulted in HER rates equal to that measured at 0 h of HER.

With increasing HER reaction time, changes in both the
Hypp region (0.1 to 0.4 Vgyp) and anion-adsorption region
(0.4 to 0.8 Vyyg) occur (Figure 2D,E). On as-prepared G/
Pt(111), HER rates initially increase but remain at values lower
than Pt(111) until a sudden increase in the HER rate to values
exceeding that of Pt(111) occurs after ~10 h of HER (Figure
2A) in 0.05 M H,SO,. This characteristic sudden jump in HER
rates occurs at the same time a sudden increase in the anion-
adsorption charge per Pt occurs in the CV (Figure 2D) and
indicates that a large number of anions are now able to
perform charge-transfer processes with the electrode. We
speculate that may be due to the formation of a porous
capacitive film (similar to the results published by Labrador et
al.'® on a capacitive silicon oxide nanomembrane), there is
electrochemical roughening of the Pt below the graphene and/
or large rips large enough for H,O and SO,*~ ions to access the
Pt surface. In particular, the appearance of Pt(110) and
Pt(100) peaks in the Hypp region of the CV (Figure 2D)
suggests that the underlying Pt(111) has been electrochemi-
cally roughened, and this may be the most important reason
for the higher HER rate under these conditions.”* However, if
we electrochemically pretreat G/Pt(111) prior to HER, this
sudden increase in anion capacity associated with apparent
roughening is absent, but the HER rate is still higher than in
the absence of graphene. The nature of this sudden increase in
current and anion-adsorption capacity will be discussed later
when we discuss the SEM imaging.

The Hypp feature in the presence of graphene shows two
major differences with respect to the unmodified Pt(111): it
has shifted to a more negative potential, suggesting a weaker
binding of adsorbed H to G/Pt(111) in this potential window,
and the feature is sharper than for the unmodified Pt(111),
suggesting that the lateral interactions between the adsorbed H
are less repulsive.””*° An increase in the defect density only
results in a shift from an asymmetric Hypp to a symmetric
Hypp and does not result in any major changes in the shape of
the Hypp feature. We do not have evidence to claim whether
the edge of the graphene is saturated with the hydrogen atoms.

3.4. Electrochemical Pretreatment on the G/Pt(111)
Results in Different Modes of Defect Generation during
HER. The anionic charge per surface Pt atom (mol._ molp ")
is calculated by integrating the anion-adsorption region in CVs
between 0.4 and 0.8 Vyyy using eq 3 and then plotted versus
the HER reaction time (Figure 3A). F is Faraday’s constant, i is
the current, A is the geometric area of the electrode, N, is
Avogadro’s Number, and ppyy;) is the surface Pt density of
Pt(111) (1.503 x 10'° atoms cm™2).’ "% This anionic charge
per Pt gives us a quantitative measure of the permeability of
the graphene, specifically the number of defects large enough
for sulfate ions (HSO,”, SO,>”) to pass through graphene
overlayers and adsorb onto the underlying Pt(111). For defects
smaller than sulfate ions, impedance spectroscopy and in-situ
Raman spectroscopy have been used to probe the permeability
of H" through graphene overlayers; Arulmozhi et al. observed
increases in the permeability of graphene toward H' with
increased EC treatment.”’ The best-fit linear slope of anionic
charge per Pt vs reaction time is taken as the defect generation
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Figure 3. (A) Charge per Pt (mol,- moly, ") of the anion-adsorption
region in the CV between 0.4 and 0.8 Vpyg. (B) Defect generation
rate measured from the slope of the anion charge per Pt versus time
for pretreated and non-pre-treated G/Pt(111). Two EC-treated G/
Pt(111) (red and orange triangles) and four as-prepared G/Pt(111)
(blue and purple diamonds) were tested and plotted in (B).

rate with units of mol,_ molp, s™' (eq 4). Detailed analysis and
calculations can be found in the Supporting Information,
Sections 3.9 and 3.10.

On as-prepared G/Pt(111), we observe a gradual increase in
anionic charge per Pt from 0 to ~10 h after which the as-
prepared G/Pt(111) electrode exhibits a sudden increase in
anionic charge per Pt (Figures 2D and 3A). In contrast, EC-
treated G/Pt(111) exhibits only a gradual increase in anionic
charge per Pt throughout the entire 15 h HER reaction time
span (Figures 2E and 3A). Comparing the defect generation
rate on EC-treated and as-prepared G/Pt(111), the EC-treated
G/Pt(111)-exhibited defect generation rates are 2—8 times
faster than on as-prepared G/Pt(111). This indicates that EC
treatment (250 cycles between 0.1 and 1.2 Vgyyp at 500 mV s™*
in 0.005 M H,SO, at 23 °C) likely primes the graphene
overlayers in such a way that results in faster defect generation.
Arulmozhi et al.’' demonstrated that EC treatment induces
point defects by using Au electrodeposition®' without inducing
any long-range roughening of the underlying Pt(111) below
graphene. In the absence of EC treatment, these point defects
are absent, resulting in an initially lower density of defects.
Taken together, we envision that EC treatment may increase
the number of point defects within graphene domains or
functionalized graphene with O atoms, ultimately enabling
these defects to grow faster with increasing HER reaction time,
relative to as-prepared G/Pt(111). Thus, our interpretation of
Figure 3 is that the apparent faster increase in the defect
generation rate on EC-treated G/Pt(111) is likely due to
differences in the initial density of point defects on the G/
Pt(111), which is undetectable with anion adsorption.

mol- %/l dt

Poiind
molp(y1) b )
N, ©)
_ df;mion
Tdefect generation — dt ( 4)

As discussed earlier, we also observe a sudden order-of-
magnitude increase in anionic charge per Pt on as-prepared G/
Pt(111) and a HER reaction time of ~10 h (Figure 2A,D).
Four independent repeats were performed to test this unusual
occurrence and the order-of-magnitude increase in the anion
charge per Pt was observed for each at ~10 h of HER (Figure
S19). In an effort to understand the cause of this occurrence,
we compare the surface morphology using SEM of graphene
overlayers before and after the sudden order-of-magnitude
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Figure 4. Representative SEM images of as-prepared G/Pt(111) before (A) and after (B) HER. Representative SEM images of as-prepared G/

Pt(111) before (C), after EC treatment (D), and after HER (E).
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Figure 5. (A) Representative SEM image of the delaminated edge of an as-prepared G/Pt(111) after 10 h HER. (B) Fractional width of
delaminated areas versus HER reaction time for as-prepared G/Pt(111) (blue circles) and EC-treated G/Pt(111) (red circles).

increase in anionic charge per Pt. We observe no qualitatively
significant differences in the graphene overlayers at the center
away from the edge of the as-prepared G/Pt(111) disk
compared to the images taken before HER (Figure 4) but
observe large cracks in the graphene (Figure S28) and bare
regions (Figure SA) along the perimeter of the as-prepared G/
Pt(111) disk. We postulate that these physical changes to the
graphene may be due to delamination from H, bubbles*>*>%*
and/or cracks due to strain on the graphene overlayer from H,
bubbles,*** which indicates that EC pretreatment possibly
avoids these drastic cracks and delamination by introducing
distributed defect pathways for H, bubbles to transport
through the graphene throughout the entire electrode surface.

In contrast, SEM images of EC-treated G/Pt(111) exhibit
no significant differences in graphene overlayers before and
after the first electrochemical cycling pretreatment (250 cycles
between 0.1 and 1.2 Vyy at 500 mV s~ in 0.005 M H,SO,)
on the entire G/Pt(111) disk (both the edge and center)
(Figure 4C,D). However, after 10 h of HER, SEM images of
EC-treated G/Pt(111) exhibit visual cracking of graphene
overlayers throughout the entire disk (Figure 4E). An analysis
of images collected at S5 random locations on the disk
demonstrated that we do not observe significant changes in the
fraction of exposed graphene monolayers on pretreated G/
Pt(111) throughout HER (Supporting Information, Section
6.2). Bare regions along the perimeter of the disk were also
observed and were quantitatively lower than those observed on
as-prepared G/Pt(111) after 10 h of HER (Figure SB). Since
CVs on EC-treated G/Pt(111) after 10 h of HER indicate that
anion adsorption is still largely prohibited (Figure 3A), we

10897

deduce from the aforementioned CVs and SEM images that
generating H, after EC pretreatment retains the overall
structure of the full graphene monolayer immediately above
the Pt(111) but cracks bi-, tri-, and higher graphene overlayers
throughout the entirety of the G/Pt(111) disk. These results
are consistent with DFT predictions by Ferrighi et al., where
they predicted that delamination of graphene from Pt(111) is
unfavorable, even in the presence of water at defects.’® It is
also possible that bonding between defective graphene may be
another reason why we do not observe graphene flakes
delaminating from the Pt(111).

Taken together, as illustrated in Figure 6, we propose that
H* and H, transport across graphene overlayers occurs at
defects scattered throughout the graphene overlayer. EC
treatment increases the defect density on graphene, as
evidenced by the shift from an asymmetrical Hypp region to

high defect density low defect density
low H, flux per defect site high H, flux per defect site
H, H, H, H,
H, H, H, H, H, Hy H, H, H,
( ) ( )
Pt{111) Pt{111)

low perturbation of multi-layers
faster graphene delamination
concentrated at disk edge

* high perturbation of multi-layers ¢
* slower graphene delamination .

Figure 6. Proposed defect generation scheme that captures evidence
from SEM, CVs, and HER rates.
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a symmetrical Hypp region in the CV. Without EC treatment,
the defect density remains so low that H' and H, transport are
severely limited, likely resulting in increased rates of H,
transport per defect site and ultimately leading to ripped
overlayers and a higher concentration of delamination and/or
rips at the edge of the electrode disk. Back-of-the-envelope
calculations also demonstrate that H' tunneling through
graphene is about 3 orders of magnitude slower than H*
transport through defects in the graphene (Supporting
Information, Section 1.3).

3.5. HER on As-Prepared G/Pt(111) is Initially Limited
by H* Transport Across Graphene Overlayers. Irrespec-
tive of the mode of defect generation or the types of defects
formed, after ~10 h of HER reaction time, HER rates stabilize
on both EC-treated and as-prepared G/Pt(111). Tafel plots
collected in 0.005, 0.0S, and 0.5 M H,SO, on both Pt(111)
and G/Pt(111) result in indistinguishable Tafel slopes at
overpotentials between —0.06 and —0.10 Vyy; (Table 2). This

Table 2. Kinetic Parameters (Tafel Slopes and [H*] Orders)
on Pt(111) and G/Pt(111) with Defective Graphene (>10 h
HER)

Tafel

electrode slope/mV dec™* [H*] order
Pe(111) 130 + 20 0.69 + 0.08
as-prepared G/Pt(111), 0 h HER 0 —0.04 + 0.13
as-prepared G/Pt(111), >10 h HER 150 + 28 0.81 + 0.06
EC-treated G/Pt(111), >10 h HER 156 + 42 0.86 + 0.06

“Because HER rates were collected using chronoamperometry at
potentials between 0.00 and —0.10 Vi, for the first 80 min when the
rates were not stable and graphene was dynamically changing (Figure
S02), Tafel slopes from 3 repeats were calculated to be —152, —114,
and 478 between potentials of —0.07 and —0.10 Vyy.

overpotential range was chosen since it avoids the potential
(>—0.06 Vi) where the HOR back reaction current is more
than 1% of the total current as predicted by the Butler—Volmer
equation®”®® (Supporting Information, Section 3.3) and
somewhat avoids potentials (>—0.10 Vgy) where HER rates
are masked by H, bubbles. This can be also observed when we
plot the Tafel slope as a function of the overpotential (Figure
S16). Furthermore, HER rates in Ar-saturated and H,-
saturated H,SO, are indistinguishable within error between
the potential range of —0.06 and —0.10 Vgyg; this
demonstrates that the bulk concentration of the dissolved
product (H,) does not significantly increase the parasitic HOR
current.

HER rates measured at —0.08 Vgyp also result in
indistinguishable [H*] orders between Pt(111) on both EC-
treated and as-prepared G/Pt(111) after ~10 h of HER
reaction time (Figure 7). From rate laws derived using Volmer,
Heyrovsky, and Tafel steps as rate limiting at H coverages of 0
and 1 (Supporting Information, Section 3.6),”” our measured
kinetic parameters are consistent with either a Volmer rate-
limiting step (RLS) at low H coverage or a Heyrovsky RLS at
high (saturated) H coverage (Table 2). Though we are unable
to isolate the precise RLS, we narrow down all possible
scenarios to three possibilities: (1) The RLS between does not
change, (2) The RLS shifts from Volmer to Heyrovsky or
Heyrovsky to Volmer, and (3) The mechanism undergoes a
process not considered in our rate law derivations.

2
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1.5 - 3000 rpm &
= i OPt(111
e 1 by =0 o
S 05 a e Pt(111) 0 rpm
<E( * as-prepared G/Pt(111) ~ 0 h HER 0 rpm
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Figure 7. [H'] order plots (log of the HER rate plotted versus log of
the [H'] concentration) at —0.08 Vyyp on Pt(111) at 3000 rpm
(hollow black circles), Pt(111) at O rpm (filled gray circles), as-
prepared G/Pt(111) at O rpm (filled blue diamonds), as-prepared G/
Pt(111) after 10 h of HER at 3000 rpm (hollow blue diamonds), EC-
treated G/Pt(111) after 10 h of HER at 3000 rpm (hollow red
triangles), and sequential EC-treated G/Pt(111) after the 10th cycle
at 3000 rpm (hollow purple triangle, Figure S17).

On as-prepared G/Pt(111), we measure identical currents
(collected at —0.08 Vyyp within the first 20 min) across the
0.005—0.5 M H,SO, range (solid blue diamonds, Figure 7)
corresponding to a [H*] order of —0.04 + 0.13. With
increasing HER reaction time, HER rates increase such that
the [H*] order also increases from —0.04 + 0.13 to 0.81 +
0.06. The [H*] order of ~0.0 is a kinetic indication that the H*
concentration does not affect HER rates on as-prepared G/
Pt(111). We infer from this that the [H*] order on as-prepared
G/Pt(111) is likely due to additional factors, possibly the effect
of multilayers or the effect of solvation surrounding defect
centers on the g1'aphene.70_72 Moreover, the increase in [H*]
order from ~0.0 to ~0.8 is presumed to be due to an increase
in graphene defects conducive toward increasing H* transport
rates across the graphene overlayers, consequently shifting the
limiting step from H" transport across graphene to kinetic
catalytic surface processes.

Comparing the experimentally measured HER rate (0.1—10
mA cmgeomemc_z) with the tunneling rate of unsolvated protons
through pristine graphene (~0.4 mA cMy,omec ) (Supporting
Information, Section 1.3), it is possible that tunneling through
pristine portions of the graphene can occur. However, prior to
transport across the graphene, protons need to be desolvated,
as evidenced from the lack of OH anion-adsorption features in
the CVs (Figure 1).

As the defect density increases, both the Hypp' and HER
rates increase correspondingly. Therefore, the rate at which
protons transport through defects in the graphene must be
much higher than that of proton tunneling through pristine
graphene. We further envision that there will be a critical
defect size where the underlying Pt(111) will start evolving
hydrogen like bare Pt(111). When this occurs, the HER rate
normalized per geometric area is expected to slightly decrease
and asymptotically approach the bare Pt(111) HER rate with
increasing defect size (if all graphene eventually delaminates
after infinite HER reaction time).

As mentioned in the introduction, the groups of Bao and
Zhang demonstrated using DFT computations that the
presence of graphene overlayers on a number of substrates
(including Pt(111)) and adsorbates (including H) weakens the
free energy of alclsorption.6’7’20’21 The CVs of Pt(111) and G/
Pt(111) in Figures 1 and 2 also support this computational
result since more negative potentials are necessary to adsorb
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Figure 8. Molecular View of HER on G/Pt(111).

and desorb H in the Hypp region on G/Pt(111) compared to
unmodified Pt(111). Since some theoretical studies predict
that Pt(111) binds H too strongly for optimal HER kinetics,
this weaker binding energy on G/Pt(111) should then lead to
improved HER kinetics. If true, this fundamental discovery
would demonstrate the promise of confinement modifications
in designing catalysts with properties closer to achieving
optimum activity while concurrently restricting anions from
reaching the underlying metal.

It should be noted that even though this explanation could
explain the increase in HER activity after addition of graphene
overlayers on Pt(111), it does not rule out the possibility of
other explanations such as the influence of electronic effects,
structural effects, electrolyte effects, bubble effects, or impurity
effects, as further discussed in the Supporting Information
Section S, especially because the observed experimental effects
are small, in principle too small to be predicted reliably by
DFT. A perhaps more meaningful observation from this work
is that to exploit the potential positive effects of G/Pt(111) for
HER, the graphene layer needs to be sufficiently defective so as
to not hamper H* transport across the layer.

3.6. Conclusions. Figure 8 summarizes the molecular
picture of HER on G/Pt(111) pieced together from our CV,
SEM, and kinetic results. First, H" from the bulk electrolyte
transports through domain boundaries and defects in the
graphene, H' undergoes an electron transfer event with
Pt(111) to form adsorbed H, and then H* reacts with another
H or H' form H,. The H, then transports through graphene
into the electrolyte, and if bubbles are formed, may break up or
delaminate graphene overlayers.

In this contribution, we demonstrated that defective
graphene overlayers on Pt(111) are necessary to measure
kinetically limited HER rates free of transport limitations.
These kinetically limited HER rates indicated that the presence
of defective graphene overlayers results in HER rates up to
200% faster than on bare Pt(111) while exhibiting indis-
tinguishable Tafel slopes and [H*] reactant orders. Addition-
ally, graphene overlayers are selective to H and prevent anions
(e.g, SO,*7) from reaching the underlying Pt(111).
Furthermore, EC-treated and as-prepared G/Pt(111) are
proposed to exhibit different responses toward graphene
defect formation. As-prepared G/Pt(111) exhibits initially
slower graphene defect formation with HER reaction but with
a sudden increase in the anion charge per Pt after about 10 h of
HER. EC-treated graphene, on the other hand, exhibits faster
graphene defect formation with HER reaction time without the
sudden increase in the anion charge per Pt at 10 h of HER.
Significantly, we have shown the G/Pt(111) may be a better
catalyst for HER than bare Pt(111), but only if the graphene is
sufficiently defective so that transport of H' across the
graphene is not rate limiting.
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