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ABSTRACT: Design and engineering of bifunctional catalysts are
critical in the development of electrochemical full water splitting.
In this study, 4-ethylphenylacetylene-functionalized iridium (Ir—
C=, 1.7 + 0.3 nm in diameter) nanoparticles are found to exhibit
markedly enhanced electrocatalytic activity toward both hydrogen
and oxygen evolution reactions (HER and OER) in acidic and
alkaline media, in comparison to the nanoparticles capped with
mercapto and nitrene derivatives. Remarkably, the HER and OER
performances in alkaline media are even better than those of
commercial Ir/C and Pt/C benchmarks. This is accounted for by
the formation of Ir—C=C-— conjugated interfacial linkage that
leads to significant intraparticle charge delocalization and hence
manipulation of the electron density of the Ir nanoparticles and
interactions with key reaction intermediates. This is indeed confirmed by results from both spectroscopic measurements and density
functional theory calculations. With Ir—C= nanoparticles as both the cathode and anode catalysts for electrochemical water
splitting, a low cell voltage of 1.495 and 1.473 V is needed to reach the current density of 10 mA cm™” in alkaline and acidic media,
respectively. Such a performance is markedly better than that of commercial Ir/C (1.548 and 1.561 V) and relevant catalysts
reported in recent literature, highlighting the significance of interfacial engineering in the development of high-performance
bifunctional electrocatalysts.
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B INTRODUCTION of the benchmark electrocatalysts and do not meet the

requirement for practical applications.'*™*

Electrochemical water splitting represents a unique technology )
Fundamentally, it has been demonstrated that the strength

for the sustainable production of hydrogen and oxygen by the

hydrogen evolution reaction (HER) at the cathode and oxygen of hydrogen and oxygen binding to the respective electro-
evolution reaction (OER) at the anode under mild conditions, catalytic active site is a critical parameter for HER and OER. In
respectively.l’2 However, both HER and OER necessitate the fact, the H binding energy (AGy-) has been used as a unique
employment of appropriate catalysts, so as to achieve a descriptor to evaluate the HER performance within the
sufficiently high current density for practical applications. framework of a so-called “volcano plot”.**** For Ir, the
Currently, Pt/C is the benchmark electrocatalyst for HER, AGys is situated on the left side of the volcano plot, suggesting
whereas RuO, and IrO, are the benchmark electrocatalysts for that the binding of H to Ir is slightly too strong, and thus, the

OER.” It would be of fundamental and technological
significance to develop bifunctional electrocatalysts that are
active toward both HER and OER, so as to significantly reduce
the costs of catalyst synthesis and electrode fabrication, a
critical aspect in practical commercialization.* Indeed, a range
of nanomaterials, such as non-noble metals, metal oxides/
carbide/sulfides, and carbon-based composites, have been
examined as bifunctional electrocatalysts.s_9 However, their
performances have mostly remained subpar, compared to those

surface electron density of Ir needs to be lowered somewhat, so
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Figure 1. (a,b) TEM images of Ir nanoparticles and (c) the corresponding core size histogram.

as to reach the optimal peak. As for OER, prior research has
shown that metallic Ir is prone to be oxidized at high electrode
potentials, and low-valence IrO, actually exhibits a higher
electrocatalytic activity than the high-valence counterparts,”*®
suggesting that a reduced oxidation state of Ir is desired for
enhanced OER performance. This can be achieved by
structural engineering that leads to a decreased O binding
energy,”’ typically within the context of nanoparticle size,
shape, morphology, and alloying.”**~** For instance, Zhu et
al.*> prepared Pd@Ir-nL core—shell nanocubes (n = 1—4, the
number of atomic Ir layers) and observed maximal OER
performance at n = 3, with an overpotential (17,00p) of only
+245 mV to reach the current density of 10 mA-cm™ and a
mass activity of 3.33 A mg, ' at # = +300 mV, which was
markedly better than that of commercial Ir/C, because of Pd—
Ir intermixing and possible ligand and/or strain effects. In
another study,”® by alloying with tungsten (W, a 5d metal),
Ir'W nanobranches were prepared and used as bifunctional
electrocatalysts for full water splitting, where a cell voltage
(E,) of 1.58 and 1.60 V was needed to reach 10 mA-cm™ in
0.1 M HCIO, and 0.1 M KOH, respectively, which was 120
and 130 mV lower than that with commercial Ir because of the
changed electronic structure of Ir by W. In addition, the
electrocatalytic activity can also be manipulated by strong
interactions with the supporting substrates, such as carbon-
based materials.’”*® For instance, Wu et al.”' prepared
ultrasmall Ir nanoparticles supported on N-doped graphene
(Ir@N-G-750) and observed a cell voltage of 1.6 V for overall
water splitting at 20 mA-cm ™ in 0.1 M HCIO,, because of the
formation of abundant Ir—N coordination sites. Cao and co-
workers®” prepared cucurbit[6]uril-stabilized Ir nanoparticles,
which showed an E,; of 1.56 V in full water splitting in 0.1 M
HCIO, and long-term stability, because of the coordination
interaction between Ir and cucurbit[6]uril that facilitated the
formation and stabilization of surface active species.

In a series of earlier studies,>”*° we demonstrated that
deliberate functionalization of metal nanoparticles with select
organic ligands can be exploited as an additional, powerful
variable in manipulating the surface electron density and hence
electrocatalytic activity toward a range of important reactions,
such as the oxygen reduction reaction and formic acid
oxidation. For example, it has been shown that the electron-
withdrawing/donating property of the para-substituent groups
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of phenyl ligands can manipulate the nanoparticle’s surface
electronic structure and hence the electrocatalytic activity,
because of effective metal—ligand interfacial charge trans-
fer.*** In the present study, we demonstrate that by surface
functionalization of Ir nanoparticles with acetylene derivatives,
the resulting Ir nanoparticles can be used as high-performance
electrocatalysts toward both HER and OER in both acidic and
alkaline media (with the alkaline HER and OER activity
significantly better than that of commercial Pt/C and Ir/C).
This is ascribed to the formation of conjugated Ir—C=
metal—ligand interfacial bonding interactions that reduces the
electron density of the Ir nanoparticles and the interactions
with critical reaction intermediates, in comparison to the
mercapto- (Ir—S) and nitrene-capped (Ir=N) counterparts. In
fact, the Ir—C= nanoparticles can be used as both anode and
cathode catalysts for full water splitting, which displays a low
E, of only 1495 and 1.473 V in alkaline and acidic media,
respectively. Such a performance is markedly better than that
of commercial Ir/C (1.548 and 1.561 V).

B RESULTS AND DISCUSSION

Organically capped Ir nanoparticles were synthesized by
adopting a procedure used previously based on controlled
thermolysis and subsequent ligand exchange (details in the
Experimental Section).*** It involves two major steps
(Scheme S1). “Bare” Ir nanoparticles were first prepared by
thermolytic reduction of IrCl; in 1,2-propanediol in the
presence of sodium acetate and then were functionalized with
4-ethylphenylacetylene (EPA), 4-ethylphenylthiol (EPT), or 4-
dodecylbenzenesulfonyl azide (DBSA) by ligand exchange.
The resulting nanoparticles were denoted as Ir—C=, Ir-S§,
and Ir=N, respectively, reflecting the formation of such
metal—ligand interfacial bonds. The structures of the nano-
particles were first studied by transmission electron micro-
scopic (TEM) measurements. From the TEM image in Figure
la, one can see that the Ir nanoparticles were well dispersed on
the TEM grid without apparent agglomeration, and in high-
resolution measurements (Figure 1b), well-defined lattice
fringes can be readily identified, with an interplanar spacing
of ca. 0.225 nm that is consistent with the Ir(111) facets
(JCPDS card no. 46-1044)."° Statistical analysis based on more
than 100 nanoparticles showed that the nanoparticles were
mostly in the narrow range of 1.4—2.0 nm in diameter,
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averaging 1.7 + 0.3 nm, as depicted in the core size histogram
in Figure lc.

The optical properties of the nanoparticles were then
examined by spectroscopic measurements. From Figure Sla,
the Ir-C=, Ir—S, and Ir=N nanoparticles can be seen to
exhibit a similar exponential decay profile in UV—vis
absorption measurements, consistent with the nanosized
structure,™ but markedly different photoluminescence emis-
sions (Figure S1b). Specifically, when excited by 335 nm
irradiation, Ir—C= exhibited an apparent emission centered at
388 nm. This is attributed to the intraparticle charge
delocalization arising from the conjugated Ir—C=C-
interfacial bonds.***” Ir=N displayed a broad, weak emission
centered at 425 nm, because of the formation of conjugated
Ir=N interfacial linkages."*** By contrast, only a featureless
profile was observed with the Ir—S sample, because of the
formation of only nonconjugated interfacial bonds and lack of
intraparticle charge delocalization. Consistent results were
obtained in Fourier transform infrared (FTIR) measurements
(Figure $2).%°

The valence states of the nanoparticles were then studied by
X-ray photoelectron spectroscopy (XPS) measurements.
Figure 2a depicts the high-resolution scans of the Ir 4f
electrons of the three nanoparticle samples, which all entail a
doublet with a spin—orbit coupling of 2.90 eV that is
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Figure 2. Interfacial charge transfer characterizations. (a) High-
resolution XPS profiles of the Ir 4f electrons of Ir—-C=, Ir=N, and
Ir—S nanoparticles and (b) corresponding spectra of the VBM. (c)
(Top panels) Optimized structures of Ir—C=, Ir=N, and Ir—S slabs
and (bottom panels) the corresponding interfacial charge density
distributions. The cyan and yellow areas signify electron loss and
electron gain, respectively. The isovalue of charge density is 0.001 e/
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consistent with that of Ir(0).”> However, the exact binding
energies of the 4f;,,/4f;,, doublet vary among the samples, at
60.84/83.74 eV for Ir—S, 61.76/83.66 eV for Ir=N, and
61.51/84.41 eV for Ir—C=;, that is, in comparison to Ir—S, the
Ir=N and Ir—C= nanoparticles exhibited a positive shift of
0.92 and 0.67 eV, respectively, of the Ir 4f binding energy,
suggesting charge transfer from the metal core to the respective
ligands, most likely because of the formation of conjugated
metal—ligand interfacial bonds, as observed previously.*’
Consistent results were obtained in the evaluation of the
valence band maximum (VBM) of the respective nanoparticles
(Figure 2b), where the Ir—S sample can be seen to exhibit the
lowest VBM at about —0.81 eV, in comparison to +0.07 eV for
Ir=N and —0.15 eV for Ir—C=. This suggests that the d-band
centers of the latter two samples shift markedly toward the
Fermi level, as compared to the former.”' >

Consistent results were obtained from density functional
theory (DFT) calculations. An Ir(111) slab was adopted based
on the TEM results (Figure 1b), and two ligands of —-C=C-,
=N-S0,—, and —S-substituted ethylbenzene were anchored
onto the slab and relaxed to the optimal structure. The
respective models are shown in the top panels of Figure 2c. It
should be noted that in Ir=N—, two O atoms (red) of the
sulfonyl group also participated in the interfacial anchoring.
Notably, analysis of the charge density distributions (bottom
panels) shows that interfacial charge transfer occurred in all
three structures from the Ir slab to the organic capping ligands;
however, the extent of charge transfer varied. Specifically, a
gain of 0.87, 1.75, and 0.36 electrons for ligands based on
Bader charge analysis was observed for the Ir—C=, Ir=N, and
Ir—S structure, respectively, highlighting the significance of
conjugated interfacial bonding interactions in facilitating
metal—ligand change transfer (Figure S3), as observed above
in XPS measurements.

With such apparent manipulation of the electronic proper-
ties of the Ir nanoparticles by the organic capping ligands
(Figure 2), significant enhancement was indeed observed of
the electrocatalytic activities toward both HER and OER.
Figure 3a shows the HER polarization curves in 1.0 M KOH of
the Ir—S, Ir=N, and Ir—C= nanoparticles, along with
commercial 20 wt % Ir/C as the benchmark. One can see
that all samples exhibited non-zero currents as the electrode
potential was swept negatively. However, the activity varied
significantly among the samples. For instance, the over-
potential (17,0zr) needed to reach the current density of 10
mA cm™2 is markedly different, at —237, —74, —38, and only
—7 mV for Ir=S§, Ir=N, Ir/C, and Ir—C=;, respectively. That
is, the Ir—C= sample stood out as the best among the series
and even outperformed commercial Ir/C by a large margin
(Figure S4a). Of particular note is that the #7,oygp of Ir=C=
(=7 mV in 1.0 M KOH) was even significantly lower than
leading results in recent literature, such as Ir@N-G-750 (—43
mV),”" Co@Ir/NC (-121 mV),”” RuC,N, single-atom
catalysts (—12 mV),”* and commercial Pt/C (—49 mV).>*
The corresponding Tafel plots are shown in Figure 3b, and the
slope was found to decrease in the order of Ir—S (182 mV
dec™) > Ir=N (91 mV dec™) > Ir/C (71 mV dec™*) > Ir—
C= (62 mV dec™"). This indicates that the kinetics of HER on
Ir—C= was the fastest among the series of catalysts, following
mostly the Volmer—Heyrovsky pathway.”*® Consistent
results were obtained in electrochemical impedance spectros-
copy (EIS) measurements. From the Nyquist plots in Figure
S5a, the Ir—C= sample was found to exhibit the lowest charge
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Figure 3. Bifunctional electrocatalytic performance toward HER and OER in 1.0 M KOH. (a) HER polarization curves of the series of
electrocatalysts and (b) the corresponding Tafel plots. (c) OER polarization curves of the series of electrocatalysts and (d) the corresponding Tafel
plots. (e) Current—voltage profiles of overall water splitting with Ir—C= and commercial Ir/C as bifunctional electrocatalysts in 1.0 M KOH and
(f) corresponding activity retention tests by CA measurements at the respective initial E,.

transfer resistance (R, = 6.6 Q) among the series (10.8 Q for
Ir/C, 24.1 Q for Ir=N, and 173.6 Q for Ir-S).

The OER performance of the samples was also analyzed and
compared in a similar manner. From the polarization curves in
Figure 3c, one can see that all samples were apparently active
toward OER, but 77,y og differed substantially, at +300, +316,
+333, and +322 mV for Ir—C=, Ir/C, Ir=N, and Ir-S,
respectively, with a corresponding Tafel slope of 37, 42, 38,
and 48 mV dec™". This indicates that the Ir—C= nanoparticles
also exhibited the best OER performance among the series
(Figure S4b). Note that the Tafel slope of Ir—C= is even
markedly lower than that of relevant Ir-based catalysts reported
in earlier studies (mostly greater than SO mV dec™") in alkaline
media,”***” indicating the unique advantage of surface
functionalization of Ir nanoparticles by acetylene derivatives
in enhancing the OER kinetics. Consistent results were
obtained in EIS measurements, where the Ir—C= sample
also exhibited the lowest R, (11.0 ©2) among the series (13.3,
23.5, and 44.8 Q for Ir/C, Ir—S, and Ir=N, respectively,
Figure SSb). Notably, the OER performance is actually
comparable or superior to results of leading catalysts reported
in the literature, such as Irw,® Co@lr/NC,37 IrO,c,‘W_59 and
noble metal-free catalysts.”>""

With such remarkable activities toward both HER and OER,
the Ir—C= nanoparticles can be used as effective bifunctional
catalysts for full water splitting, as demonstrated by the
production of a large number of bubbles on both the cathode
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and anode (Movie S1). From Figure 3e, the E;, can be
estimated to be merely 1.495 V, which is 54 mV lower than
that of commercial Ir/C. In fact, Ir—C= outperformed a large
number of Ir-based bifunctional catalysts for full water splitting
in alkaline media that were reported recently in the literature
(Table S1). Notably, the Ir—C= catalysts also exhibited
excellent stability. Figure 3f depicts the current profiles of full
water splitting during continuous operation for 20 h. One can
see that about 93% of the initial current density was retained
with Ir—C=, markedly higher than that (76%) for commercial
Ir/C, suggesting enhanced long-term stability of the former.
Indeed, the Ir—C= sample exhibited virtually no change in the
current—voltage profiles before and after the stability test,
whereas a drastic anodic shift was observed for Ir/C (Figure
S6).

Remarkably, the Ir—C= nanoparticles also exhibited a
markedly better performance toward both HER and OER in
acidic media than others in the series (Figures S7—S9). For
HER in 0.5 M H,SO,, the ),y ygg, Tafel slope, and R, were the
lowest for Ir=C= at —33 mV, 26 mV dec}, and 8.3 Q,
respectively, in comparison to —55 mV, 28 mV dec”™, and 39.3
Q for commercial Ir/C, —98 mV, 67 mV dec™}, and 122.0 Q
for Ir=N, and —154 mV, 90 mV dec}, and 278.1 Q for Ir—S.
Similarly, for OER in 0.5 M H,SO,, Ir—C= exhibited an
N10,0er of +256 mV, a Tafel slope of 55 mV dec™, and an R, of
4.8 Q, a performance much better than that of commercial Ir/
C (+291 mV, 55 mV dec™, and 7.1 Q), Ir=N (+268 mV, 52
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Figure 4. DFT calculation results of HER. (a) Averaged Gibbs free energy of H* adsorption (AGy:) on ligand-anchoring Ir atoms (solid spheres)
and the neighboring Ir atoms (hollow spheres) in different organically modified Ir(111) slabs and bare Ir(111) slabs. Error bars reflect variations
among similar sites. The inset shows the relaxed Ir—C= structure and the ligand-anchoring Ir atoms circled in red. (b) Structural configuration of
the relaxed Ir—C= model. (c) PDOS and d band center (E,) of ligand-anchoring Ir and bare Ir(111). (d) Linear correlation between the charge
transfer from ligand-anchoring Ir atoms to the ligand and their AGy. The four data points are for the adsorption sites highlighted in panel (a).

mV dec™, and 8.3 Q), and Ir—S (+417 mV, 104 mV dec”},
and 28.0 ). In addition, using Ir—C= as bifunctional
catalysts for acidic electrochemical water splitting, the E,; was
only 1.473 V, 88 mV lower than that of commercial Ir/C
(1.561 V), and more than 80% of the initial current density
was retained after 8 h of continuous operation, in comparison
to an almost 90% loss with commercial Ir/C. The enhanced
stability of Ir—=C= over Ir/C is also clearly manifested by
comparing the polarization curves before and after the stability
tests (Figure S10). From these results, one can see that Ir—
C= can indeed serve as a high-performance bifunctional
catalyst toward electrochemical water splitting in both acidic
and alkaline media (Table S1).

To unravel the mechanistic insights into the remarkably
enhanced electrocatalytic performance by organic capping
ligands, AGyx, a commonly used descriptor of HER activity,
was calculated using the models consisting of an Ir(111) slab
capped with varied organic ligands (Figure 2c). As the
interfacial charge transfer was mostly confined between the
organic ligands and the ligand-anchoring and neighboring Ir
sites, only these sites were considered for H adsorption (which
are marked in Figure S11), and the corresponding AGy« was
ccalculated. Meanwhile, monodentate adsorption of H* was
adopted in this study because of the hlgh H* coverage, as
manifested in Tafel analysis (Figure 3b).°* From Figure 4a,
one can see that IAGy:l is very large at ca. 0.320 eV on the bare
Ir(111) slab, consistent with the limited HER activity of Ir/C,
and becomes slightly lower (0.279 + 0.059 eV) for the Ir sites
neighboring ligand anchoring in Ir—C=, whereas for the
ligand-anchoring Ir sites, the IA Gyl is drastically diminished to
only 0.064 + 0.048 eV (Table S2), suggesting that the latter
sites (inset of Figure 4a) are most likely responsible for the
remarkable HER activity observed above for Ir—C= (Figures
3 and S7). It should be noted that upon the binding of the
acetylene ligand onto the Ir slab, the —C=C- bond length
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increased from ca. 1.2 to 1.38 A (Figures 4b and S12). Such a
decrease in the bond order is consistent with the intraparticle
charge delocalization arising from the conjugated interfacial
bonds.*”***¥** By contrast, a very consistent AG. was
observed at the neighboring Ir sites when the Ir slab was
capped with either mercapto or nitrene ligands (Table S2),
which was estimated to be —0.319 + 0.007 eV for Ir—S and
decreased slightly to —0.284 + 0.010 eV for Ir=N (note that
no stable adsorption of H can be observed on the ligand-
anchoring Ir sites of Ir=N or Ir—S, data not shown). Overall,
the fact that IAGy:l varies in the order of r-C= < Ir=N <
Ir—S is in excellent agreement with the variation in the HER
activity observed experimentally in both acidic and alkaline
media (Figures 3 and S7).

The weakened H* adsorption (i.e., diminished IAGy.l)
observed with the Ir—C= ligand anchoring sites is also
manifested in the shift of the d band center (E,) to —2.59 from
—2.08 €V of the bare Ir(111) slab, as shown in Figure 4c.
Additionally, an apparent electron loss occurs from these
ligand-anchoring Ir sites to the acetylene moieties (>0.14
electrons), while the charge density of neighboring Ir sites
remains mostly unchanged (Table S3). Notably, such a trend
of electron loss is consistent with their AGy variation. Figure
4d shows the AGy+ and interfacial charge transfer of the four
different Ir anchoring sites in Ir—C= that are highlighted in
the inset to Figure 4a, where the excellent linear relationship
(R*=0.996) suggests a strong correlation between the intrinsic
HER activity and change in local charge density. One of these
ligand-anchoring Ir sites is highlighted in Figure S13 and
exhibits an extremely low [AGy:l of only 0.015 eV. Taken
together, these results suggest that the ligand-anchoring Ir
atoms in Ir—C= were most likely responsible for the
remarkable HER performance.

To understand the mechanistic origin of the enhanced OER
performance, the Gibbs free energy of O* adsorption (AGg+)
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was calculated to examine the interaction between Ir and O
species. Interestingly, O* tends to adsorb onto the various Ir
slabs in a tridentate mode with one of the Ir sites also bonded
to the organic ligand (Figure S14), and the corresponding
AGg+ on the ligand-anchoring Ir atoms shows an apparent
difference, as compared to that on the bare Ir(111) slab
(Figure S15), —1.457 eV for Ir=N, —1.881 eV for Ir-C=,
—2.058 eV for Ir—S, and —2.300 eV for Ir(111). This implies
that the capping ligands effectively stabilize the Ir nanoparticles
against oxidation, and the stabilization varies in the order of
Ir=N > Ir—C= > Ir—S > Ir(111).”” This is consistent with
the metal-to-ligand charge transfer observed in both XPS and
DFT measurements (Figure 2).”> As mentioned earlier, low-
valence Ir is preferred for OER.*"?® Thus, Ir=N and Ir—C=
are expected to have a better OER performance than Ir—S and
Ir/C, in good agreement with results from experimental
measurements (Figures 3 and S7).

To gain further mechanistic insights, the reaction barrier of
water dissociation, which has been recognized as a critical rate-
determining step in OER,”® was calculated using the nudged
elastic band (NEB) method.*®®” From Figure S16, one can see
that the reaction pathway is similar on Ir—C=, Ir=N, Ir-S,
and Ir(111), where water molecules approach the Ir surface
and become dissociated into *H and *OH, and the
intermediates are adsorbed onto two neighboring Ir atoms in
a vertical configuration. The corresponding reaction free
energy diagrams of water dissociation are shown in Figure S,

1.0

0.789

—=—Irslab

—e—1Ir-C=

0.84

—v—Ir=N

0.64

0.44

AG (V)

0.24

0.04

H,O TS
Reaction Pathway

*H,*OH

Figure S. Free energy diagram of water dissociation on Ir(111), Ir—
C=, Ir=N, and Ir—S (Figure S15). TS denotes the transition state.
The initial states (H,0) of all samples are set to zero for comparison
of their reaction energy barriers.

where Ir—C= can be seen to exhibit an energy barrier of only
0.609 eV, markedly lower than those of Ir=N (0.789 eV), Ir—
S (0.782 eV), and Ir(111) slab (0.717 eV). This suggests that
Ir—C= is the most efficient in water dissociation among the
series of samples, in excellent agreement with experimental
findings (Figures 3 and S7).

B CONCLUSIONS

In summary, when Ir nanoparticles were functionalized with
acetylene derivatives, the conjugated metal—ligand interfacial
bonding interactions were found to lead to effective charge
transfer from the Ir core to the acetylene moieties, which
significantly enhanced the HER and OER activity in both
acidic and alkaline media because of weakened binding of H
and O intermediates, in comparison to leading results of
relevant catalysts reported recently in the literature. Of
particular note is that the alkaline HER and OER activity
was even better than that of commercial Ir/C and Pt/C
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benchmarks. Indeed the acetylene-functionalized Ir nano-
particles could be used as effective bifunctional catalysts for
full water splitting and significantly outperformed commercial
benchmarks. Note that the enhancement was lesser with Ir
nanoparticles capped with other ligands such as mercapto and
nitrene derivatives because of limited interfacial charge
transfer. Consistent results were obtained in DFT calculations.
Results from this study highlight the significance of deliberate
interfacial engineering in the manipulation of the electronic
properties of metal nanoparticles and hence their electro-
catalytic activity toward important reactions in electrochemical
energy technologies.

B EXPERIMENTAL SECTION

Chemicals. Iridium(III) chloride (IrCl;, 53—56%, Arcos),
1,2-propanediol (>99.5%, Acros), sodium acetate trihydrate
(NaOAc-3H,0, MC&B), EPA (97%, Arcos), EPT (>97%,
TCI America), and DBSA (>88%, Aldrich) were used as
received. Solvents were purchased from typical commercial
sources and used without further purification. Water was
purified using a Barnstead Nanopure water system (18.3 MQ-
cm).

Nanoparticle Synthesis. Organically capped iridium
nanoparticles were synthesized by adopting a procedure
reported previously.*”** Briefly, 0.15 mmol IrCl; and 86 mg
of NaOAc-3H,0 were dissolved in 100 mL of 1,2-propanediol
under sonication. After refluxing at 165 °C under vigorous
stirring for 2 h, the solution color was found to become dark
brown, signifying the formation of Ir nanoparticles. After the
solution was cooled down to 60 °C, select organic ligands were
added for surface functionalization. Specifically, for EPA and
EPT surface functionalization, 4.5 mmol EPA or EPT in 25 mL
of toluene was added into the above-mentioned Ir nanoparticle
solution under refluxing overnight. The Ir nanoparticles were
found to transfer to the toluene phase, which was collected
with a separatory funnel and rinsed with methanol five times,
affording purified nanoparticles that were denoted as Ir—C=
and Ir—S for EPA- and EPT-functionalized Ir nanoparticles,
respectively.

To prepare nitrene-functionalized Ir (Ir=N) nanopar-
ticles," 0.56 mmol DBSA and 20 mL of sec-butylbenzene
were added into the Ir nanoparticles solution at 60 °C under
magnetic stirring for 1 h. The azide ligands were adsorbed on
the nanoparticle surface, resulting in the transfer of the
nanoparticles to the sec-butylbenzene phase. The sec-
butylbenzene phase was then collected and refluxed for 24 h
at 165 °C, where nitrene radicals were generated by
thermolysis of the azide moiety and attached onto the Ir
nanoparticle surface, forming Ir=N interfacial bonds. The
nanoparticles were then collected and rinsed with acetonitrile
five times.

Characterizations. TEM images were acquired with a
Philips CM 300 operated at 300 kV. FTIR spectra were
collected with a PerkinElmer FTIR spectrometer (Spectrum
One), where the samples were prepared by drop casting the
nanoparticle solutions in dichloromethane onto a NaCl disk.
UV-—vis absorption measurements were carried out with a
PerkinElmer Lambda 35 UV—vis spectrometer, and photo-
luminescence studies were performed with a PTI fluorospec-
trometer. XPS measurements were carried out with a Phi X-
tool XPS instrument, where the binding energy was calibrated
against that of C Is.
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Electrochemistry. The electrocatalytic performance of the
organically capped Ir nanoparticles toward HER and OER was
examined in a three-electrode system with a CHI 760E
electrochemical workstation, where Ag/AgCl (1 M KCl) was
used as the reference electrode and a graphite rod was used as
the counter electrode. The Ag/AgCl electrode was calibrated
against a reversible hydrogen electrode (RHE) and all
potentials in the present study were referenced to this RHE.
Catalyst inks were prepared by adding 1 mg of the Ir
nanoparticles prepared above and 4 mg of carbon black
(Vulcan XC-72R) into a mixture of toluene (500 uL),
isopropanol (490 uL), and 100% Nafion (10 uL). A total of
10 uL of the catalyst ink was then dropcast onto the surface of
a clean glassy carbon electrode (geometric surface area 0.246
cm?) at a catalyst loading of ~40 pg;np, cm™> Commercial
20% Ir/C was used as the benchmark catalyst and loaded on
the glassy carbon electrode in the same fashion at the mass
loading of 40 pg;, cm™>.

Linear sweep voltammograms were collected in both 1 M
KOH and 0.5 M H,SO, at the potential scanning rate of 10
mV s~ and 90% iR compensation. EIS studies were performed
within the frequency range of 0.1 Hz to 100 kHz, at the
potential of —50 mV for HER and +1.55 V for OER in 0.5 M
H,SO, and —100 mV for HER and +1.55 V for OER in 1 M
KOH.

Full water splitting was performed in a two-electrode system,
where the Ir nanoparticles prepared above were used as both
the anode and cathode catalysts at the mass loading of ~0.7
mgjnps M 2. As a comparison, commercial Ir/C electrodes at
the same mass loading were prepared. The current—voltage
curves were collected at the potential scanning rate of 10 mV
s™". Durability tests were carried out by chronoamperometric
(CA) measurements for 20 h at the respective E,,, where the
electrolytes were replaced after 10 h.

Theoretical Study. First-principles computations were
performed using Quantum ESPRESSO, an open-source
plane-wave code.”® A 4 X 4 unit cell with 48 atoms was
used to build an Ir(111) slab supercell, where periodic image
interactions were removed by setting a vacuum of 14 A. A
cutoff of 40 and 240 Ry for kinetics and charge density was
chosen with the ultrasoft pseudopotential.”’ The total energy
of the Monkhorst—Pack 3 X 3 X 1 K-point grid in the supercell
was calculated at the convergence level of 1 meV per atom.
The smearing parameter was set at 0.01 Ry in the Marzari—
Vanderbilt smearing for all calculations.”” For geometric
relaxation, the convergence was 107 Ry of the electronic
energy and 107* au for the total force. The dipole correction
was added by applying a finite field to the bare ionic potential
for all calculations involving ligand modification. Density
functional perturbation theory”" was employed to calculate the
phonon frequency as inputs for entropy and zero-point energy.
The implicit solvation energy correction was applied with the
solvation model CANDLE’® that has been shown to be
suitable for various surfaces, with the open-source code
JDETx.”>”* The energy barrier calculation was carried out
using the NEB method.*>®’
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Production of a large number of bubbles on both the
cathode and anode (MP4)
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