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ABSTRACT: The feasible commercialization of alkaline, phosphoric acid and polymer electrolyte membrane fuel cells depends on
the development of oxygen reduction reaction (ORR) electrocatalysts with improved activity, stability, and selectivity. The rational
design of surfaces to ensure these improved ORR catalytic requirements rely on so-called ‘descriptors’ (e.g., the role of covalent and
non-covalent interactions on platinum surface active sites for ORR). Here, we demonstrate that through the molecular adsorption of
melamine onto the Pt(111) surface [Pt(111)-M.q], the activity can be improved by a factor of 20 compared to bare Pt(111) for the
ORR in a strongly adsorbing sulfuric acid solution. The M,¢ moieties act as ‘surface blocking bodies’, selectively hindering the
adsorption of (bi)sulfate anions [well-known poisoning spectator of the Pt(111) active sites] while the ORR is unhindered. This
modified surface is further demonstrated to exhibit improved chemical stability relative to Pt(111) patterned with cyanide species
(CN.), previously shown by our group to have a similar ORR activity increase compared to the bare Pt(111) in sulfuric acid electro-
lyte, with Pt(111)-Maq retaining a >9-fold higher ORR activity relative to bare Pt(111) after extensive potential cycling as compared
to a >3-fold higher activity retained on CN,¢-covered Pt(111) surface. We suggest that the higher stability of Pt(111)-M.q4 interface
stems from melamine’s ability to form intermolecular hydrogen bonds, which effectively turns the melamine molecules into larger

macromolecular entities with multiple anchoring sites and thus more difficult to remove.

INTRODUCTION

The development of alkaline, polymer electrolyte membrane
and phosphoric acid fuel cells has advanced astonishingly in the
past two decades. One of the reasons is the continuous design
of new active materials for electrocatalysis of the kinetically
sluggish and complicated oxygen reduction reaction (ORR),
known as one of the major obstacles for the reliable commer-
cialization of fuel cells. Among these designed materials, plati-
num-based surfaces continue to be the most active and durable
catalysts for the reduction of O, - particularly in acidic media -
due to their superior chemical stability over non-noble transi-
tion metal surfaces. Traditionally, the parameters considered as
guidelines to improve platinum ORR electrocatalysis are based
on fine-tuning of the platinum electronic and structural surface
properties, which have been shown to potentially increase its
catalytic performance'. Although the number of approaches
used for ‘surface-tuning’ is enormous, platinum alloying with
non-noble transition metals and/or tailoring platinum nanopar-
ticles with preferential facets have been the most commonly
used methods®~’. More recently, however, precise control of the
components and structure of the electrified interface between
the platinum electrode surface and the electrolyte (solid/liquid
interface) has also been established as a promising way for im-
provement of the rate of various electrochemical reactions (e.g.,
oxygen and hydrogen oxidation/reduction reactions)®'°. For in-
stance, our group demonstrated the influence of non-covalent
interactions (i.e., weaker electrostatic interactions that include
ion-dipole, hydrogen bonding and van der Waals interactions,

usually between surface adsorbates and ions/molecules in the
interfacial region) on the kinetic rate of the hydrogen oxidation,
oxygen reduction, and methanol oxidation reactions on plati-
num surfaces in alkaline media’, providing evidence that at high
pH values, the nature and concentration of dissolved cations
also play a role as ‘modulating parameters’ for enhancing elec-
trocatalytic activity. On the other hand, the kinetic activity of
the electrochemical interface can also be affected by covalently-
bonded species'! (i.e., adsorbates that form strong bonds
through electron sharing with the surface atoms). A familiar ex-
ample is the adverse effect the adsorption of (bi)sulfate (HSO4
and SO4%), phosphate (PO4*) and/or hydroxyl (OH.q) species
have on platinum active sites for the ORR'?. While the adsorp-
tion of ‘small” OH,q species on Pt in aqueous electrolytes is hard
to prevent without changing the electronic structure of the
metal, there are alternate routes for preventing the adsorption of
‘bulky”’ (bi)sulfate or phosphate species. One approach is the
chemical modification of electrode surfaces with covalently-
bonded foreign species, which can affect the reaction kinetics
by participating directly in a cooperative process (called the “bi-
functional process’), or indirectly as surface-blocking specta-
tors (known as the ‘third-body’ effect'*'*'%). In one such at-
tempt, we modified a single-crystalline Pt(111) surface through
the adsorption of cyanide molecules [Pt(111)-CN,4] and moni-
tored the influence of this molecular modifier on the ORR rate
in different electrolytes®. We observed an unprecedented ORR
activity increase on Pt(111)-CN,q compared to the bare Pt(111)
in electrolytes containing sulfate/phosphate anions (a 25-/10-



fold activity enhancement, respectively). Furthermore, no ap-
preciable difference was seen in the presence of perchlorate an-
ions (well-known weakly adsorbing anion'?). These experi-
mental facts guided us towards the conclusion that CN,q moie-
ties indeed have an appreciable influence on ORR electrocatal-
ysis through a third-body effect, effectively impeding the unde-
sired adsorption of poisonous species (SO4>" and PO4*), while
not affecting the overall oxygen reduction mechanism®,

A common weakness of the modified electrode surfaces is
their (electro)-chemical stability. This is not surprising if we
consider that the monolayer or sub-monolayer amount of the
spectator must compete against several species (e.g., anions and
water molecules) present in the electrolyte in the millimolar to
molar concentration range and hence the stability of anion-mod-
ifiers will depend on the strength of their interaction with the
electrocatalyst surface. To achieve that, we can use molecules
that form a stronger bond with the surface or use molecules that
bond with multiple bonds, i.e. a “multi-dentate” anchoring, thus
achieving a collectively stronger adsorption to the surface. One
molecule that could fit this description is melamine. Melamine
is a heterocyclic aromatic molecule composed of a triazine ring
(CsN3) and one amine group (-NH>) bonded on each of the car-
bon atoms from the aromatic ring. It has been shown that the
preparation of melamine-adsorbed on various surfaces [e.g.,
Au(111)', Cu(111)", Ni(111)", and Pd(111)'°] and highly ori-
ented pyrolytic graphite (HOPG)? surface is relatively simple
and presented straightforward reproducibility, exhibiting well-
ordered patterns witnessed by scanning tunneling microscopy
(STM). Moreover, the metal-melamine moieties showed re-
markable stability under UHV at different temperatures. How-
ever, the electrocatalytic performance of these metal-melamine
interfaces has seldomly been explored®!?2,

In this manuscript, we deposited a melamine adlayer on
Pt(111) surface [Pt(111)-M,4] following the concept adopted
and improved by our research group, i.e. electrocatalyst surface
modification by foreign chemical species®**~2, and test the abil-
ity of this interface to selectively block larger anions from poi-
soning the surface, while allowing ORR to proceed unhindered.
Sulfuric acid was chosen as the acidic media with the well-
known strongly adsorbing anions, i.e. (bi)sulfate species. The
preparation method is simple and presents high reproducibility.
The ORR activity of Pt(111)-M,q is similar to the Pt(111) sur-
face adsorbed with cyanide species [Pt(111)-CN,q] in sulfuric
acid solution [>20-fold increase compared to the bare Pt(111)].
The kinetic rate increase is attributed to the M,q moieties ability
to suppress the poisonous adsorption of (bi)sulfate anions on
platinum surface active sites, an effect also observed for CNayq
moieties®. Moreover, Pt(111)-M.q showed much greater stabil-
ity than Pt(111)-CN,¢, which is attributed to the hydrogen-
bonded melamine networks (absent in the CN,q adlayer), which
act as a stability promoter of the Pt(111)-M,q surface during
ORR.

EXPERIMENTAL

All electrochemical measurements were done in 0.05 M sul-
furic acid solutions prepared with ultra-pure deionized water (R
> 18.2 MQ cm, Milli-Q system) and ultra-high purity H,SO4
(OmniTrace Ultra, EMD). The electrolyte temperature was
~293 K, purged either with argon gas (99.9999% purity, Airgas)
for cyclic voltammetry (CV) or oxygen gas (99.999% purity,
Airgas) for oxygen reduction reaction (ORR) polarization
curves, and the potential sweep rate was 50 mV s™ for all curves

presented in this work. A platinum wire (99.997% purity, Alfa
Aesar) and a silver/silver chloride electrode saturated with po-
tassium chloride (BASi) were used as the counter and reference
electrodes, respectively, although all potentials presented here-
after are showed versus the reversible hydrogen electrode
(RHE), whose potential was determined in a separated experi-
ment using the same electrochemical conditions mentioned
above except the electrolyte was purged with hydrogen gas
(99.9999% purity, Airgas). The preparation of the single-crys-
talline platinum surface, Pt(111), was done as described in pre-
vious work?®. Briefly, a 6 mm surface diameter by 4 mm height
Pt(111) disc (Princeton Scientific) was annealed in a controlled
atmosphere of hydrogen/argon gas mixture (3%H»/97%Ar mix-
ture, Airgas) at ~1 atm and ~1,473 K for 7 min with the help of
a radio frequency induction system (EASYHeat, Ambrell), and
cooled slowly (ca. 7 min) in the same atmosphere conditions.
The Pt(111) surface was protected with water droplet before be-
ing exposed to the laboratory atmosphere. The platinum disc
was then carefully assembled into a rotating disc electrode
(RDE) configuration to avoid exposure of Pt(111) surface to air
[a polypropylene thin sheet was used to support the platinum
disc during the RDE assembling, with the Pt(111) surface fac-
ing towards the sheet protected with a thin water film]. The
RDE system was then attached to a shaft and connected to a
rotator machine (MSR, Pine Research). The Pt(111) surface
was immersed in the electrolyte at controlled potential (E = 0.45
V) before the electrochemical experiments. A rotation speed of
1,600 r.p.m. was used to obtain the ORR polarization curves
(CVs were obtained without rotation). All ORR polarization
curves showed in this work are the positive-going potential
sweep (“anodic sweep’).

Two slightly different approaches were used to prepare the
cyanide and melamine adlayers on Pt(111) surface. First, for the
preparation of the cyanide adlayer [Pt(111)-CN,q] we immersed
the fresh-annealed Pt(111) surface (protected with a droplet of
water) in a 0.1 M potassium cyanide (>97.0% purity, Aldrich)
solution for ca. 25 min®. The platinum crystal was rinsed thor-
oughly with water before being assembled into RDE configura-
tion. Five CVs (0.05 V <E <0.95 V) were performed to remove
any residual excess of cyanide species from the platinum sur-
face. Second, for the preparation of the melamine adlayer
[Pt(111)-Maq] we added 50 pL of a hot (~343 K) 50 uM mela-
mine (99% purity, Aldrich) solution on a fresh-annealed
Pt(111) surface (protected with a film of water) already assem-
bled in the RDE configuration. The melamine solution droplet
was evaporated from the platinum surface under vacuum and
controlled temperature (ca. 303 K). Finally, the Pt(111)-Mag
surface was rinsed thoroughly with water. Similar to bare
Pt(111) surface, the modified Pt(111) surfaces were immersed
in the electrolyte at E=0.45 V.

In order to probe the presence of adsorbed melamine on the
platinum surface, we performed X-ray photoelectron spectros-
copy (XPS) on Pt(111) and Pt(111)-M,q surfaces. The bare and
modified Pt(111) surfaces were prepared exactly in the same
fashion as for the electrochemical studies, subsequently trans-
ferred to an antechamber protected by a water droplet later
evaporated under vacuum before transfer to the main glovebox
chamber (O, and H,O: < 0.5 ppm), which is connected to a load
lock ultra-high vacuum (UHV) chamber before its transfer to
the position for XPS analysis. XPS measurements were per-
formed using a Specs PHOIBOS 150 hemispherical energy an-
alyzer with a monochromatic Al Ko X-ray source. The survey
spectra were measured using a pass energy of 40 eV at a



resolution of 0.2 €V step™ and a total integration time of 0.1 s
point™. The core level spectra were measured using a pass en-
ergy of 20 eV at a resolution of 0.05 eV step™! and a total inte-
gration time of 0.5 s point™'. Deconvolution was performed us-
ing CasaXPS software?” with a Shirley-type background and
70-30 Gaussian-Lorentzian peak shapes. Charge referencing
was performed using adventitious carbon at 284.8 eV. Pt(111)-
CNaq was not characterized by XPS due to the vast past explo-
ration and reproducibility of this surface found in the litera-
ture?s.

RESULTS AND DISCUSSION

We begin our analysis by interpreting the cyclic voltammo-
grams (CVs) of the bare Pt(111), and Pt(111) with cyanide or
melamine adlayers [hereafter denoted as Pt(111), Pt(111)-CNq,
and Pt(111)-M,q, respectively] in 0.05 M H,SOy (Fig. 1a). The
well-known potential interval regions of Pt(111) CV in sulfuric
acid is evident: region I, adsorption of hydrogen, known as un-
derpotential deposited hydrogen region (H* + e~ = H,,4), lo-
cated between 0.05 - 0.4 V, region II, located between 0.4 - 0.6
V, where the adsorption of (bi)sulfate anions is considered to
take place, followed by region III, 0.6 - 1.0 V, where the ad-
sorption of OH,q and the formation of platinum oxide (PtO) are
observed #124041,
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Figure 1. Characteristic cyclic voltammetry profiles for the
bare and modified Pt(111) surfaces and their respective polar-
ization curves for oxygen reduction reaction (ORR). a, Cyclic
voltammograms for the bare (black curve), CNyq- (blue curve), and
M.g-covered (red curve) Pt(111) surface; b, their corresponding
ORR polarization curves (positive-going potential sweep). The
curves were measured in a, argon-, and b, O»-saturated 0.05 M sul-
furic acid solutions (~293 K), at sweep rate of 50 mV s!. The ORR
polarization curves were recorded at 1,600 r.p.m. using the rotating
disc electrode configuration. The bare Pt(111) ORR polarization

curve recorded in 0.1 M perchloric acid solution (gray dashed
curve) is shown for comparison in b. A dotted-vertical line present
in b serves as an eye-guide to spot the difference in ORR activities
(E = 0.9 V) between the bare and modified Pt(111) surfaces. The
regions I, II, and III showed in a represent the Hypq adsorption,
(bi)sulfate adsorption, and OH,q adsorption, respectively.

Although the Pt(111)-CN,q CV potential regions I, II, and III
are expanded/contracted compared to Pt(111) (Fig. 1a), virtu-
ally all the same qualitatively features are present, namely: re-
gion I, 0.05 - 0.6 V, the Hypq region, followed by a small pseu-
docapacitance region between 0.6 - 0.8 V (region II), and finally
the region III, 0.8 - 1.0 V, where the formation of platinum ox-
ygenated species takes place. It’s important to notice the pres-
ence of a small but distinguishable current density between ~0.7
- ~0.8 V, which is assigned to the adsorption/desorption of a
tiny amount of (bi)sulfate species onto the Pt(111) surface®.
Nevertheless, the site availability for ‘bulky’ (bi)sulfate adsorp-
tion is incredibly small (region II, Fig. 1a), compared to the site
availability for ‘small’ O, molecule adsorption. As previously
described, the CN,q ensemble on Pt(111) surface acts as a
‘blocking body’ (‘third-body’ effect!*!*), sterically hindering
the specific adsorption of (bi)sulfate anions on platinum surface
sites®. In contrast, the adsorption of oxygen molecules (neces-
sary for ORR electrocatalysis) is possible in the vicinity of ad-
sorbed CN,q, i.e. free Pt(111) surface sites, resulting in an aston-
ishing improvement of ORR activity (e.g., 25-fold increase ver-
sus the bare platinum in sulfuric acid electrolyte)®.

Fig. 1a also includes the Pt(111)-M,q4 CV in aqueous sulfuric
acid electrolyte, which shows two potential regions: region I,
0.05- 0.4 V, assigned to the adsorption of hydrogen (Hypq). Here
we note the asymmetry in the anodic and cathodic Hyyq peaks,
which we speculate stems from slow rearrangement and/or re-
orientation of melamine molecules while always staying at-
tached to the surface. Region II, 0.4 - 1.0 V, is fairly featureless
and reminiscent of typical double layer charging. However, the
currents in this region are higher than those typically observed
for double layer charging, suggesting that some adsorption pro-
cesses do indeed occur at these potentials as well. Nevertheless,
it is clear that the adsorption of (bi)sulfate is definitively sup-
pressed on Pt(111)-M.g surface in the same fashion as on
Pt(111)-CN,q - likely via the same ‘third-body’ effect. Region
III - observed for the bare and CNy-covered platinum surfaces
- is absent in the Pt(111)-M,q CV profile, indicating that the ad-
sorption of oxygenated species (e.g., OH.q) is completely sup-
pressed on this electrocatalyst surface in the potential window
measured for this work. As will be discussed later, this charac-
teristic has a strong impact on the ORR kinetics (Fig. 1b).

To verify the chemical integrity of the melamine adlayer on
Pt(111), we performed X-ray photoelectron spectroscopy
(XPS) analysis of unmodified Pt(111) and Pt(111)-Maq sur-
faces. The surface preparation procedure was done identically
as for the electrochemical measurements. Fig. 2 summarizes the
XPS survey, nitrogen 1s and carbon 1s core level spectra ob-
tained for both electrocatalyst surfaces. The platinum peaks
shown in the survey spectra are remarkably similar, implying
that the platinum surface remains virtually intact even after the
melamine assembling. Moreover, the fact that the platinum
peaks show a zero-oxidation state surface (metallic platinum)
indicates our method for crystal surface preparation does not
introduce foreign impurities which may induce platinum sur-
face oxidation (note also the absence of undesirable elements in
the survey
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Figure 2. Chemical characterization of the bare and melamine-modified Pt(111) surfaces by X-ray photoelectron spectroscopy (XPS).
The survey spectra (top) for bare (black curve) and melamine-covered (red curve) Pt(111) surfaces. The carbon (bottom-right) and nitrogen
(bottom-left) core level spectra of bare (black curves) and melamine-covered (red curves) Pt(111) surfaces indicate successful deposition of
melamine. The schematic (inset, top) gives the structure of isolated melamine and the suggested structure of melamine adsorbed on Pt(111)
based on stoichiometric analysis of nitrogen functionalities from the nitrogen core level spectrum for Pt(111)-Maq.

spectra). Melamine is a heterocyclic aromatic molecule com-
posed of a triazine ring (CsN3) with one amine group (-NH,)
bonded to each of the carbon atoms in the aromatic ring (inset
on Fig. 2)*. Although the binding energies (BEs) of C-O and
C-N (as well as C=0 and C=N) bonds are very close to each
other, making it difficult to uniquely fit the carbon core level
spectra, an increase of carbon peak intensity at BE ~286-288 eV
for Pt(111)-M,q relative to unmodified Pt(111) points towards
successful deposition of melamine on the platinum surface.
Analysis of the nitrogen core level spectrum for Pt(111)-Maq
further indicates the presence of both N=C and -NH, function-
alities at BEs 398.1 and 399.5 eV, respectively, consistent with
the presence of melamine on the surface. In contrast, the nitro-
gen core level spectrum for unmodified Pt(111) shows no visi-
ble features, confirming that all nitrogen content present on
Pt(111)-M,q derives from the melamine assembly. Interestingly,
N=C and -NH functionalities on Pt(111)-M,q surfaces are pre-
sent in a ratio of ~2:3 instead of the 1:1 ratio expected for iso-
lated melamine molecules. This deviation from the expected
stoichiometry suggests that melamine molecules may be ad-
sorbed via one of the cyclic carbon atoms, resulting in the re-
lease of an amine group (for proposed scheme please refer to
inset in Fig. 2). Overall, the XPS results presented in this work
are in accordance with previous papers found in literature,

where the high chemical integrity and robustness of melamine
networks on metal surfaces was demonstrated under both at-
mospheric® and UHV conditions*. We note in passing that we
also performed an extensive STM investigation of the Pt(111)-
Ma,q surface and could not find an ordered melamine structure,
suggesting that the melamine adlayer on Pt(111) is in fact dis-
ordered.

In order to make a reliable analysis of the ORR activities for
the platinum surfaces described above, we will adopt the equa-
tion previously proposed in refs. *!%:

ig, = nFKxCOZ [1- E')cm:.(AGcm;.—spec.) -

®non—cov.(AGnon—cov.—spec.)] (D),

where ip_is the current density of a generic electrocatalyst (x)
at a particular potential (here we will use E,, = 0.9 V for ORR
kinetic analysis), n is the number of electrons transferred during
the reduction of one mole of oxygen molecules, F'is the Faraday
constant, K, is a constant, c,, is the concentration of oxygen
molecules dissolved in the electrolyte solution, @, +
BOron—cov. = Oqq 1s the fraction of the electrode surface that is
blocked by covalently and non-covalently adsorbed species,
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Figure 3. ORR polarization curves of the modified Pt(111) surfaces before and after extensive potential cycling excursions, and
proposed model for selective adsorption of melamine molecules together with schematic presentation of the availability of platinum
surface atoms for adsorption of O, molecules on Pt(111)-M,q. a, The curves were measured in O>-saturated 0.05 M sulfuric acid solutions
(~293 K), at sweep rate of 50 mV s™!, and 1,600 r.p.m. using the rotating disc electrode configuration. A dotted-vertical line is present as an
eye-guide to spot the difference in ORR activities (E = 0.9 V) of the modified Pt(111) surfaces before (solid curves) and after several potential
cycles (0.45 V> E > 0.95 V) (dashed curves). The bare Pt(111) ORR polarization curve (black curve) is also shown for comparison. b, The
number of sites required for O, adsorption is significantly increased on the Pt(111)-M,q surface because adsorption of (bi)sulfate anions is
sterically suppressed by the formation of a “multi-dentate” (due to hydrogen-bonds) melamine adlayer.

and AGeoy —spec. a0d AGpon_cop.—spec. are the free energy of the

adsorption of their respective species (‘spectators’) on electrode
surface. It is important to be aware that covalent bonding of
spectator species on platinum and platinum-group metal sur-
faces depends strongly on the metal-spectator energetics
(AG;op.—spec.)> hence the rate of reaction will be strongly related
to the nature of the metal surface. Usually, the covalently-bound
spectators relevant for ORR electrocatalysis are strongly ad-
sorbing anions'? (e.g., SO4*, HSO4, CI', and NOy’, to name a
few), OH.q4 and Hypg, although in our case, CN,¢ and Maq must
be also considered [please refer to Fig. la for the influence of
cyanide, Pt(111)-CN,q4, and melamine, Pt(111)-M,q4, spectators
on the overall CV profiles compared to the Pt(111) surface].
Although the extent of interaction between covalently bounded
spectators and hydrated ions located at the double layer region
(specifically, the outer Helmholtz phase, OHP) can also influ-
ence the reaction rate (i.e., current density iz )°, this phenome-
non is less pronounced in acidic electrolytes free of foreign cat-
ions (e.g., Li", Na", K% etc). Therefore, the
G)mm_cm,_(AGnon_cm,__spec_) term [Eq. (1)] will have a small in-
fluence on i_ in sulfuric acid electrolyte and can be neglected
in this case.

Considering the approach described in the last paragraph for
the activity analysis for ORR in acidic media, we start our dis-
cussion with the simplest solid/liquid interface employed in this
work: the Pt(111) surface in contact with 0.05 M H,SO4 solu-
tion saturated with O, (Fig. 1b, black curve). Some general as-
pects of the electrocatalytic behavior must be assigned. First,
poor activity at 0.85 V for the ORR is observed due to the strong
adsorption of (bi)sulfate anions on Pt(111) surface®, i.e. low
availability of active sites or low 1 — (E)CO,,_(AGCW__SWC_) [Eq.
(1)]. A ORR polarization curve for Pt(111) in 0.1 M HCIO4 so-
Iution is also shown for comparison (Fig. 1b, gray dashed
curve), as ClO4 is a well-known weakly-adsorbing anion'2.
Second, oxygen reduction proceeds through a 4e reaction

pathway on Pt(111) in both acidic environments at potentials
higher than 0.4 V despite the higher ORR activity in perchloric
acid solution. Third, the formation of Hyyqg results in an ORR
pathway change to a 2¢” route at E < 0.4 V!4, Finally, the in-
termediates formed during the ORR have a small contribution
to the covered-amount of species on platinum surface, i.e. they
have a minor contribution to the 0,4 term in Eq. (1) and thus
play a small role in controlling the ORR kinetics on platinum.

The CN,q and M,q platinum surfaces both show improved ac-
tivity for oxygen reduction (Fig. 1b, blue and red curves, re-
spectively) compared to the bare platinum surface: a factor of
22 higher for Pt(111)-CN,q and a factor of 20 higher for Pt(111)-
M,q at E=0.85 V. A notable difference between these modified
surfaces is the change of the slope of the ORR curve above ~0.9
V. We attribute this feature to the contribution of OH,q adsorp-
tion to the additional coverage on Pt(111)-CN,s® (see cyclic
voltammetry for this surface at Fig. 1a, blue curve) hence re-
ducing the activity for the ORR. As for Pt(111)-M,q4, the ORR
curve at E> 0.9 V in 0.05 M H,SO4 matches the one for Pt(111)
in 0.1 M HCI1O; (both CV and ORR curves for Pt(111)-M,q in
0.1 M HCIOs, along with Pt(111)’s respective curves for com-
parison, can be found in Supplemental Information, Fig. S1).
This is a first sign that M,¢ does not contribute to suppressing
the Pt(111) ORR activity in the kinetically controlled potential
region. Indeed, the activity of Pt(111)-M,q is a factor of 1.6
higher than that of Pt(111)-CN, for ORR at E = 0.9 V¥, We
also note that a 4e” pathway for oxygen reduction is observed
on both modified platinum surfaces, which implies that CNyq
and M,q do not influence the ORR mechanism®®'>4’, Therefore,
we can assume that CN,q and M,q adlayers act purely as a steric
blockage, implying that the kinetics for ORR must be governed
purely by the (1 — ©,4) term in Eq. (1).

Despite the significant improvement in ORR activity by the
modified platinum surfaces, it is also important to consider the
stability of these electrocatalysts at relevant potential values.
For ORR catalysts, stability between 0.6 V and 0.95 V is often



needed. Fig. 3 shows the ORR polarization curves for pristine
and cycled (0.4 V <E <0.95 V) Pt(111)-CN,q and Pt(111)-Maq
surfaces [pristine Pt(111) is also shown for comparison]. Both
‘aged” ORR polarization curves for the two modified surfaces
shown in Fig. 3 were obtained after their ORR activity stabi-
lized during the potential cycling (100 cycles between 0.4 V <
E <0.95 V). Both modified platinum surfaces remain more ac-
tive towards the ORR than Pt(111), with Pt(111)-M,q and -CNag
surfaces exhibiting a factor of 9 and 3 higher activity, respec-
tively, than bare Pt(111). The reason for the Pt(111)-M.4 and
Pt(111)-CN,q interface instability, and thus their partial deacti-
vation, is most likely result of M,s/CN,q oxidation or displace-
ment through (bi)sulfate or OH,q adsorption. More importantly
though, the Pt(111)-M.q shows a much higher stability than
Pt(111)-CN,q, resulting in a 75 mV lower overpotential for the
ORR. As mentioned earlier, the purpose of chemical modifica-
tion with melamine, as opposed to cyanide, was to create the
possibility of a stronger adsorption of the molecules to the cat-
alyst surface, either through strengthening the single bond or
creating a multi-dentate bonding to the surface by taking ad-
vantage of the intermolecular networks formed by hydrogen-
bonds for various metal-melamine systems, previously demon-
strated in other studies. While the XPS results suggest mela-
mine adsorption through a release of an amine group, they do
not supply structural information about the melamine adlayer or
its binding to the surface. However, it seems that the vertical
orientation of the molecules might be the most plausible, as de-
picted in Figure 3b. While strengthening of the single bond be-
tween melamine and Pt is possible, compared to Pt-CN, it is
highly likely that the melamine network is constructed through
intermolecular hydrogen-bonds formed by the -NH, groups
(proton donors through their hydrogen atoms) and the nitrogen
atoms in the C3N; heterocycle (proton acceptors through their
isolated pair of electrons)**#*. Although the energy of a hydro-
gen-bond (order of ~33 kJ mol™! for a two-fold hydrogen-bond)
is not strong relative to a coordination bond type (~62 kJ mol
1, previous works had showed the formation of highly ordered,
hydrogen-bonded melamine networks on various metal sub-
strates (in part also due to the planar geometry and aromaticity
of melamine molecules)'®?*4*#, This intermolecular hydrogen-
bonded adlayer of melamine was found to have remarkable
structural stability, being able to be analyzed even in a lig-
uid/solid interface by scanning tunneling microscopy (STM)'.
Therefore, it is reasonable to consider that the melamine adlayer
consists of multiple hydrogen-bonded macromolecular entities
with multiple bonds attaching them to the Pt surface, which in
turn promotes the stability of the Pt(111)-M,q surface for the
ORR when compared to the Pt(111)-CN,q surface.

CONCLUSIONS

We produced a molecular adlayer of melamine on Pt(111)
surface [Pt(111)-M,q] through a simple drop-casting method to
enhance the Pt(111) activity for ORR in highly adsorbing elec-
trolytes. The Pt(111)-M,q presented a >20-fold increase of the
ORR activity at E = 0.85 V, which is comparable to the ~22-
fold increase obtained for the Pt(111)-CNag, known from our
previous work®. We rationalize that M,q moieties on Pt(111)
surface, as for CN,q, can successfully block the Pt(111) surface
active sites from adsorption of poisonous spectator species such
as (bi)sulfate anions without compromising the adsorption of O,
or the 4¢” mechanism of the ORR observed on the bare Pt(111)
surface. Moreover, unlike the CN,q4, Mg moieties also suppress
the OH,q adsorption, resulting in a slightly higher activity of

Pt(111)-M,q interface at E = 0.9 V compared to Pt(111)-CNag
interface. Furthermore, under the same electrochemical condi-
tions, the Pt(111)-M,q surface is strikingly more stable than the
Pt(111)-CN,q surface [retaining an activity improvement factor
higher than 9 and 3 for ORR activity in Pt(111)-M, and
Pt(111)-CN.q, respectively, compared to the bare Pt(111), after
potential cycling]. We propose the intermolecular hydrogen-
bonding in the melamine networks as the ‘stability promoter’
for the Pt(111)-M,q interfaces, creating an adlayer of multi-den-
tate macromolecules. Although the results showed in this work
are concentrated on the single-crystalline Pt(111) surface, the
fundamental principles of chemical modification of electrocat-
alytic surfaces to achieve a higher activity, stability, and selec-
tivity are broadly applicable to other solid/liquid interfaces for
energy conversion and storage applications.
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