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ABSTRACT: The development of highly eflicient and dura-

ble electrocatalysts for high-performance overall water-splitting ' H* = OH*

devices is crucial for clean energy conversion. However, the Md o Argg ? ; .
existing electrocatalysts still suffer from low catalytic effi- ,J &\\ l./ 7 . ceee

ciency, and need a large overpotential to drive the overall S . =2 ¥ Binding energies DPf'""Zﬂtw"
water—splitting reactions. Herein, we report an iridium— a / k§. :
tungsten alloy with nanodendritic structure (Ir'W ND) as a '//1 z\\\ gg?&g@g‘;
new class of high-performance and pH-universal' bifunction_al IrtW Nanodendrites

electrocatalysts for hydrogen and oxygen evolution catalysis. : ¥ Corrosion resistant

The Ir'W ND catalyst presents a hydrogen generation rate

~2 times higher than that of the commercial Pt/C catalyst in

both acid and alkaline media, which is among the most active hydrogen evolution reaction (HER) catalysts yet reported. The
density functional theory (DFT) calculations reveal that the high HER intrinsic catalytic activity results from the suitable
hydrogen and hydroxyl binding energies, which can accelerate the rate-determining step of the HER in acid and alkaline media.
Moreover, the IrtW NDs show superb oxygen evolution reaction (OER) activity and much improved stability over Ir. The
theoretical calculation demonstrates that alloying Ir metal with W can stabilize the formed active iridium oxide during the OER
process and lower the binding energy of reaction intermediates, thus improving the Ir corrosion resistance and OER kinetics.
Furthermore, the overall water-splitting devices driven by IrW NDs can work in a wide pH range and achieve a current density
of 10 mA cm ™ in acid electrolyte at a low potential of 1.48 V.

B INTRODUCTION materials is still an open question, particularly in different pH
conditions.”” On the whole, the descriptor of the HER can be
attributed to the hydrogen binding energy in the acid, whereas
in the base, hydroxyl binding energy on the catalyst makes a
difference.'”"* Synergic optimization of these two binding
energies on Ir may be an effective strategy to achieve an HER

Electrocatalytic water splitting is one of the most promising
technologies for the conversion of electricity from renewable
sources such as solar, wind, and water, to mitigate their uneven
distribution in time and space.”” As two half-reactions of a
water-splitting device, the hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER), involving multiple-
proton-coupled electron transfer, require a large overpotential
due to their sluggish kinetics, which seriously affect the energy
efficiency of the whole device.”* Therefore, developing highly )
efficient bifunctional catalysts enabled for both the HER and As for the OER, Ir—base.:d materials are known as the state-of-
OER is of great significance. For current HER catalysts, Pt the'-aﬂ'electrf)cata}ysts Wlth the accepta};l&knowledge that the
usually represents the best activity for the HER because Pt sits active ingredient is the oxides (I'rOx). " Great efforts hfwe
on the vertex of the HER volcano plot. Ir, usually considered as been. de\{oted to 'comPr.ehendlng thf" Ilagri)l%erty—functlon
an OER catalyst, is also located near the vertex of the HER relationship on t}'lelr aCtIYl_ty and Stablht}f' \ T_O dat.e, t-he
volcano plot.>° Nevertheless, to date, it is still a great challenge volcano relationship of activity and oxygen intermediate binding
to design Ir-based metal catalysts, which can show a compara-
ble intrinsic HER activity to Pt.”® Meanwhile, understanding Received: July 4, 2018

the HER reaction process and rate-determining step on Ir-based Published: August 29, 2018

activity better than Pt in a wide pH range, however, designing
Ir-based catalysts with the optimized hydrogen binding energy
and hydroxyl binding energy at all pH values is still a grand
challenge.
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Figure 1. Morphology and phase characterization of Ir'W nanodendrites. (a) TEM, (b, c) HRTEM, (d) HAADF-STEM, (e) EDS-mapping images,

(f) XRD pattern, and (g) EDS spectrum of IrtW NDs.

energy has been well-employed to design the active OER
catalyst.>'” Binding of the oxygen intermediates on IrO, that is
too strong limits the further improvement of its activity.”’
Meanwhile, the corrosion of Ir is another severe issue in the
long-stability test, and unfortunately highly active IrO, always
suffers from the drastic erosion.”””** Hence, balancing both of
these two factors of Ir(IV) is a challenging mission for the
community.”’ Recent advances on Ir-based catalysts indicate
that their OER stability and activity do not strictly follow the
reciprocal relation.'>*" Particularly, the electrochemical pre-
oxidized Ir nanoparticles are capable of maintaining better sta-
bility and activity compared with undisposed Ir nanoparticles
and crystalline IrO, because fewer unstable Ir species are
formed under OER conditions.”® However, adsorption energy
regulation and corrosion inhibition have never been achieved
together in Ir-based electrocatalysts.

Herein, we report a new method for making iridium—
tungsten alloy nanodendritic structures (IrtW NDs) with porous
structure as a class of highly efficient electrocatalysts for both
the HER and OER at all pH conditions. The IrW ND catalyst
presents ~2 times higher HER turnover frequency (TOF) per
Ir site than the commercial Pt/C catalyst, which is the best
Ir-based HER catalyst. The density functional theory (DFT)
calculations reveal that the activation energies of the HER rate-
determining step in acid and alkaline media are optimized on
our IrW alloy, thus boosting the HER catalytic activity. Mean-
while, the IrW NDs also achieve 3 times higher current density
than the Ir/C at the 1.53 V versus reversible hydrogen elec-
trode (RHE) and superior stability after the accelerated deg-
radation test (ADT) of 3000 cycles. The theoretical calculation
demonstrates that W can stabilize the formed active iridium
oxide during the OER process, and the W-doped IrO, pos-
sesses lower binding energy of oxygen intermediates than IrO,,
which hinders the dissolution of Ir and accelerates its OER
kinetics. Furthermore, the superb bifunctional HER and OER

1245

performance of I'W NDs makes them exhibit high perform-
ance in a water electrolyzer at all pH values.

B RESULTS AND DISCUSSION

Synthesis and Characterization of IrW NDs. The IrW
NDs were synthesized by a colloidal-chemical approach, using
iridium(III) chloride hydrate (IrCly:xH,O) and tungsten car-
bonyl (W(CO)g) as the metal precursors, oleylamine as sol-
vent, cetyltrimethylammonium chloride (CTAC) as surfactant,
and glucose as a reducing agent (details in the Methods
section). Figure 1a and Figure S1 show the typical transmission
electron microscopy (TEM) image of the prepared IrW NDs.
They exhibit a highly porous nanostructure with the size of
25 + 2 nm, and consist of multiple tiny branchlike and over-
lapped nanoparticles (Figure 1b). The high-resolution TEM
(HRTEM) and corresponding fast Fourier transformation
(FFT) patterns of the IrW NDs indicate that they employ
the fcc phase (Figure S2). Lattice spacings measured from
different branches in the high-magnification HRTEM of one
IrtW ND (Figure 1c and Figure S2) are averaged at 0.223 and
0.192 nm, corresponding to the (111) and (002) planes of I'W
alloy. The aberration-corrected high-angle annular dark-field
scanning (HAADF-STEM) was performed to further reveal the
atomic-scale surface structure of individual branchlike nano-
particles. The enlarged HAADF-STEM image of Ir'W NDs in
Figure S3 indicates that the surface contains atomic steps and
kinks (Figure 1d). The element distribution of Ir and W at the
NDs was characterized by TEM energy-dispersive X-ray spec-
troscopy (EDS) mapping (Figure le). Ir (red) and W (green)
elements are homogeneously distributed through whole
nanodendrites, while the atomic ratio of these two elements
is determined to be about 3:1 (Figure 1f), in agreement with
the inductively coupled plasma atomic emission spectroscopy
(ICP-AES) result. In the X-ray diffraction pattern of IrW NDs
(Figure 1g), there is only one widened peak at around 40.5°
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Figure 2. HER performance of IrW NDs in acid and alkaline electrolytes. (a, b) HER polarization curves of Ir'W/C, Ir/C, and Pt/C with 95%
iR-compensation in 0.1 M HCIO, and 0.1 M KOH at the scan rate of $ mV s™". (¢, d) Overpotentials at 10 mA cm™> (left) and TOFs normalized
by the ECSA of Ir'W/C, Ir/C, and Pt/C in 0.1 M HCIO, and 0.1 M KOH at an overpotential of 10 mV (right).

due to the small size of the branchlike nanoparticles, consistent
with the TEM results.

The present method can be used to make IrW alloy NDs
with different diameters from 10 to S0 nm by changing the
amount of glucose and keeping other parameters consistent
(Figure S4). In addition, only the flowerlike iridium nano-
structure with relative larger particle units was obtained in the
absence of W(CO)4 (Figure SS), indicating that the carbon
monoxide in situ decomposed from the W(CO); in the syn-
thetic process, which might accelerate the nucleation process
of IrW alloy. Therefore, the W(CO); not only served as the W
precursor, but also played an important role in the nucleation
of Ir to small nanoparticles, and then aggregating to nano-
dendrites.

HER Performance of IrW NDs in Acid and Alkaline
Electrolytes. The HER catalytic properties of carbon-
supported Ir'W NDs (IrtW/C) with a clean surface were eval-
uated, and compared with the Ir/C and Pt/C catalysts in acid
and alkaline conditions. We found that, in both acid and alka-
line electrolytes, the HER performances of different catalysts
follow Ir'W/C > Pt/C > Ir/C (Figure 2ab). In 0.1 M HCIO,
solution, the overpotential of IrtW/C at 10 mA cm™ is 12 mV
(left part of Figure 2c), lower than those of Pt/C (15 mV) and
Ir/C (28 mV). In 0.1 M KOH solution, the IrW/C still shows
the lowest overpotential of 29 mV at 10 mA cm™> (left part of
Figure 2d), in all the investigated catalysts (Pt/C, 34 mV; and
Ir/C, 70 mV). For an elimination of the different contributions
derived from diverse particle sizes and the surface structure of
catalysts to the HER performance, the electrochemically active
surface areas (ECSAs) of Pt/C, Ir/C, and IrtW/C were mea-
sured by calculating the underpotentially deposited (H,q) area
from the cyclic voltammetry curves (Figure S6). On the basis
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of the ECSA and current density obtained from the polar-
ization curves, we calculated the TOF values of different cata-
lysts (Figure S7). At the overpotential of 10 mV, the TOF of
IrW/C reaches 3.75 s™! in HCIO, and 2.16 s™' in KOH, 2.3
and 1.8 times higher than those of Pt/C, and 3.0 and 1.7 times
higher than those of Ir/C, respectively (right part of Figure 2c).
Therefore, the HER intrinsic activity of Ir is much enhanced by
alloying with W, and the HER performance of Ir'W is the best
compared to the previous HER catalysts (Tables S1 and S2).

For a further evaluation the durability of the IrW/C catalyst,
an ADT was performed at the scan rate of 20 mV s™'. The
polarization curves of the IrW/C catalyst before and after 1000
cycles overlap in both acid and base electrolytes (Figure S8).
TEM images of IrW/C after the durability test also show that
Ir'W NDs still possess a porous structure and distribute uni-
formly on the carbon (Figure S9), indicating its robust structure.

HER-Enhancing Mechanism of IrW NDs. Generally, two
HER mechanisms, Volmer—Tafel and Volmer—Heyrovsky
reactions, have been widely used to describe the intermediate
steps, involving the conversion of H,O/H" to H,.'"> Mean-
while, these two mechanisms can be distinguished by the value
of Tafel slope because of their different kinetics on the metal.”*
According to the tested values of Tafel slope in Ir/C, Pt/C,
and IrW/C catalysts (Figure S10), the mechanism more likely
proceeds through the Volmer—Tafel reaction in 0.1 M HCIO,,
but follows the Volmer—Heyrovsky process in 0.1 M KOH.
Furthermore, since the reacting species are different in acid
(H*) and alkaline (H,0/OH~) media, the Volmer and
Heyrovsky steps also display different reactions in acid and
base solution. On the basis of the different mechanism of the
HER in acidic media and alkaline media (Figure 3a), we
employed first-principles calculations based on DFT methods
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Figure 3. HER mechanisms of Ir'W NDs in acid and alkaline electrolytes. (a) Schematic illustration of the HER mechanism on IrW NDs in acid
and alkaline media. (b) Trends in HER activity with varying binding energies of H and OH. (c) Free energy diagram of the HER over Pt, Ir, and
IrW in acid media. (d) Free energy diagram along the reaction of the Volmer—Heyrovsky mechanism in alkaline media.

to obtain the free energy diagrams. For deep insights into the
superior HER performance of IrW, the binding energies of
H (Ey) and OH (Eqy) on different catalysts have been first
calculated. The Ey and Eqy on IrtW are both stronger than
those of Ir, which are associated with lower overpotentials in
both acidic and alkaline electrolytes (Figure 3b). In acid media,
the free energy diagram based on the Volmer—Tafel mech-
anism is calculated as in Figure 3¢, where Pt and Ir are taken as
references. Different adsorption sites of H were taken into
consideration (Figure S11); we found that H could generate
stable adsorption on the top site of Ir, the top site of W, and
the hollow site surrounded by two Ir atoms and one W atom.
The most favorable site for H is the top site of Ir, corre-
sponding to the site 1 of IrW, whose binding strength is
stronger than Ir but weaker than Pt. The moderate binding
strength (Sabatier principle) makes IrW the best catalyst among
Ir and Pt (adsorption structures are shown in Figure S12), in
accordance with electrochemical polarization curves. In alka-
line solution, the HER process can be divided into Volmer and
Heyrovsky stages as mentioned before, in which the disso-
ciation of water is pivotal. Figure 3d shows the free energy
diagram of the HER in alkaline solutions. First, water dis-
sociation on the surface of the catalyst on two different posi-
tions in the Volmer reaction was simulated so that in one case
the dissociated OH was bonded with W (Figure S13) and in
another case bonded with Ir (Figure S14). Their barriers are,
respectively, 0.34 and 0.61 eV, lower than those of Pt (0.74 eV)
and Ir (0.76 eV). This shows that the key factor in enhancing
HER performance in alkaline media is the active surface W
with stronger binding energy for OH, rather than a single Ir
activity site. Furthermore, at the Heyrovsky stage (Figure S15),
the barriers for Pt, Ir, and IrtW are 1.13, 0.88, and 0.67 eV,
respectively. The relatively lower barrier of IrtW can also be
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attributed to the strong affinity of the W active site to OH.
In all, the rate-determining step is the Heyrovsky stage, and the
order of DFT-calculated activity is as follows: I'W > Ir > Pt,
being consistent with experimentally observed TOFs. To sum-
marize, we demonstrate that the acidic HER activity is pro-
moted by stronger adsorption of H on Ir active sites of Ir'W,
while the alkaline HER is facilitated by a higher aflinity to OH
of surface W in IrW in accelerating the water dissociation
process.

OER Performance and Enhancing Mechanism of IrW
NDs. The IrtW/C, Ir/C, and Pt/C catalysts were also studied
for the OER performance. It is worth noting that, before
the electrochemical activity test, the IrW/C and Ir/C were
preoxidized through potential cycles between 0.05 and 1.5 V
versus RHE several times until the stable cyclic voltammetry
curves appeared, in which the peaks of H absorption/
desorption vanished, and the peaks assigned to the redox of
Ir(111)/Ix(IV) emerged (Figure S16). The polarization curves
of the catalysts reveal that the IrW/C shows superior OER
activity relative to Ir/C and Pt/C in 0.1 M HCIO, (Figure 4a).
The IrtW/C catalyst shows a sharp onset potential at ~1.45 V
versus RHE, better than the Ir/C (1.48 V) and Pt/C (1.62 V).
The corresponding Tafel slope of 56.6 mV dec™ is the lowest
among these three catalysts (inset of Figure 4a). At the
overpotential of 300 mV, the IrW/C catalyst can achieve the
current density of 8.1 mA cm ™2, 3.2 and 35.0 times higher than
those of Ir/C and Pt/C catalysts (left part of Figure 4b).
Moreover, for a determination of the alloying effort of W
element on the OER intrinsic activity of Ir, the TOF values of
different catalysts were calculated (Figure S17). The IrW/C
catalyst exhibits a very high TOF of 1.49 s™' at 1.53 V versus
RHE, almost 2.0 times higher than that of the Ir/C catalyst
(right part of Figure 4b). When the electrolyte was switched to
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durability test of 3000 cycles between 1.25 and 1.7 V. Inset: TEM image of IrW NDs after a durability test. (d) Projected density of states of IrO,
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0.1 M KOH, the Ir'W/C still shows the lowest Tafel slope of
58.0 mV dec™" and highest TOF of 0.65 s™' among these three
catalysts (Figure S18). The results demonstrate that the intro-
duction of W into Ir is able to improve the intrinsic activity of Ir.

The catalytic stability of the OER catalysts remains a critical
issue especially in acid electrolyte. We evaluated the durability
of the catalysts by cycling the potential between 1.25 and 1.7 V
versus RHE for 3000 cycles in 0.1 M HCIO,. The IrtW/C
catalyst shows nearly unchanged polarization curves before and
after 3000 cycles, revealing the superb stability. On the con-
trary, the Ir/C catalyst has a rapid loss of current density, and
its positive shift of polarization curves is about 34 mV at
10 mA cm™? (Figure 4c). Furthermore, we investigated the
structure and element distribution of the catalyst after a
durability test by TEM and EDS mapping. Most Ir nano-
particles in Ir/C were aggregated while the porous structure of
Ir'W NDs was reserved (Figures S19 and S20). The EDS-
mapping results reveal that there is almost no change in the
atomic ratio of Ir and W (slightly increased from 73.9/26.1 to
75.0/25.0) (Figure $20). Compared with previous reports,'®"”
the W element in IrW catalysts is much more stable than other
elements (Fe, Co, Ni, Cu) in Ir-based alloy catalysts. The ICP-
AES was also conducted to measure the dissolution amount of
iridium ions in the electrolyte after the durability test. As a
result, the Ir/C catalyst obviously underwent more severe dis-
solution of Ir than the IrtW/C catalyst (Table S3). X-ray photo-
electron spectroscopy (XPS) was performed to understand the
chemical state changes of the catalysts before and after the
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durability test. The Ir 4f spectra of Ir'W/C and Ir/C indicate
that the metallic-state Ir” was transformed to high-valence Ir*
after the OER durability test (Figure S21). However, the
oxidation degree of IrW/C and Ir/C is apparently different, so
that the peaks of Ir*" in the spectra of IrW/C are more distinct
than those of Ir/C, which means more high-valence Ir(IV) on
the surface of the Ir'W/C catalysts was reserved and did not
dissolve in the electrolyte during the long-term durability test.
In summary, XPS data, together with ICP-AES and TEM
results, indicate that the superb stability of Ir'W/C results from
its aggregation-resistant nanostructure and dissolution-resistant
character.

DFT was further implemented to analyze the promoted
activity and durability of IrW NDs. Because Ir-based metal
catalyst would be usually oxidized to IrO, in the OER pro-
cess, * rutile IrO, and W-substituted IrO, were chosen for
approximately modeling the Ir and IrW alloy catalysts after oxida-
tion (Figure S22). The adsorption of oxygen intermediates on
the catalyst has important implications for their OER activity.
We optimized the geometric structure to evaluate the bind-
ing energy of OH, O, and OOH species on the IrO, and
W-substituted IrO,, and the representative optimized geo-
metries are presented in Figure S23. The W-substituted IrO,
has relatively lower binding energy for the oxygen inter-
mediates as compared to IrO, (Table S4), which is beneficial
for approaching the optimal binding energy. Therefore, the
enhanced OER activity of IrW/C can be ascribed to the weak-
ened absorption of oxygen intermediates induced by alloying Ir
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Figure S. Overall water-splitting performance of IrW NDs. (a) Polarization curves of IrW/C—IrW/C and Pt/C—Ir/C for overall water splitting in
0.5 M H,SO, at the scan rate of 10 mV s7L (b) Long-term stability tests of I'W/C—IrW/C and Pt/C—Ir/C. Inset: water-splitting device at working
conditions. (¢, d) Polarization curves of IrW/C—IrW/C and Pt/C—Ir/C for overall water splitting in 0.5 M H,SO, and 1 M PBS at the scan rate of

10 mV s L

with W. Furthermore, the left shift of the Ir 5d d-band center
(—1.74 eV for Ir and —1.82 eV for IrW) away from the Fermi
level also confirms the weakened adsorption.

To further shed light on the enhanced stability, we cal-
culated the projected density of states of Ir Sd and O 2p
orbitals and integrated the overlapped area of the orbitals
(Figure 4d). The results show that the overlapped area of
W-IrO, (2.75 e7) is larger than that of IrO, (2.59 7). The
larger overlapped area of Ir 5d and O 2p orbitals indicates
stronger interaction between Ir cations and O anions in the
ternary oxide, which improves the dissolution resistance of Ir
and stabilizes the catalytic surface. This is consistent with the
experimental measurement of fewer dissolved iridium ions in
the IrtW/C catalyst after the cycling test.

Overall Water-Splitting Performance. Inspired by
excellent HER and OER performances of the IrW/C catalyst
in a three-electrode system, we further assess the activity of
IrW NDs as bifunctional catalysts for overall water splitting in a
two-electrode electrolyzer. The IrW NDs supported on the car-
bon fiber paper (CFP) were used for both cathode and anode.
The combined system of Pt/C and Ir/C on the CFP (Pt/
C—Ir/C) as the cathode and anode was set for comparison.
Figure Sa shows the polarization curves of different catalysts in
0.5 M H,SO,. At the current densities of 10 and 50 mA cm™2,
only an overpotential of 250 and 310 mV is required for the
IrW/C catalyst, much lower than those of Pt/C (320 mV) and
Ir/C (390 mV) catalysts. Such activity represents the best level
among the state-of-art catalysts reported before (Table S5).
More importantly, the IrW/C catalyst also exhibits better
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durability at a current density of 10 mA cm™> (Figure Sb). The
IrW/C catalyst shows a slower increase of the overpotential
(from 1.45 to 1.52 V) than the mixed Pt/C and Ir/C catalysts
(from 1.55 to 1.67 V) after a long-time chronopotentiometry
test.

We also examined the overall water-splitting property of
the I'W/C catalyst in alkaline and neutral media by linear
voltammetry (Figure Sc,d). In alkaline and neutral media, the
IrW/C catalyst presents depressed activity on account of its
more sluggish proton transfer than in acid media. However, the
IrW/C catalyst still possesses the onset potential of 1.50 V in
1 M KOH and 1.55 V in 1 M phosphate-buffered solution
(PBS), lower than those of the Pt/C—Ir/C catalysts in the
same media (1.5S and 1.60 V). This implies that the IrW/C
catalyst has the potential to catalyze water into H, and O, in a
wide pH range, which has rarely been reported.

B CONCLUSION

To summarize, we demonstrate a new class of IrW NDs with
porous structure as excellent pH-universal bifunctional
catalysts for highly efficient overall water-splitting catalysis.
We first found that alloying Ir with W is an unrivaled strategy
for achieving enhanced bifunctional catalysis for the HER and
OER. For the HER, the IrW ND catalyst presents ~2 times
higher HER TOF per Ir site than the commercial Pt/C catalyst
in acid and alkaline solution. The DFT calculations reveal
that the HER activities in acid and base are linked to the H and
OH binding energy optimization by alloying Ir with W,
respectively. The IrW NDs also show excellent OER activity,
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which can achieve 8.1 mA cm™ at the overpotential of 300 mV,
much higher than that of Ir/C. They also show excellent
stability with no activity degradation after 3000 cycles. The
theoretical calculation proves that W can stabilize the formed
active iridium oxide during the OER process because the
doping can induce stronger bonding of Ir and O, hence hin-
dering the dissolution of Ir. Meanwhile, the W-doped IrO,
possesses lower binding energy of oxygen intermediates than
IrO,, accelerating its OER kinetics. Because of surface and
electronic structure engineering, the superb bifunctional HER
and OER performance of I'W NDs can allow their use in a
high-performance water electrolyzer at all pH values. The pre-
sent work provides a new vision for developing new Ir-based
alloy catalysts for future renewable energy applications.

B METHODS

Chemicals. Iridium chloride hydrate (IrCl;-«H,0, 99.8%)
was purchased from Alfa Aesar. Hexacarbonyltungsten (W(CO)j,
97%) and oleylamine (OAM, 68—70%) were purchased from
Sigma-Aldrich. Cetyltrimethylammonium chloride (CTAC,99%),
was purchased from J&K Scientific, Ltd. Glucose (CgH;,Oq,
99%), potassium hydroxide (KOH, 95%) and perchloric acid
(HCIO,, 70—72%) were purchased from Aladdin Reagent Co.,
Ltd. Commercial Pt/C (20 wt % of 3 nm Pt nanoparticles on
carbon black) was purchased from JM Corporation. Commer-
cial Ir/C (20 wt % of 2—4 nm Ir nanoparticles on carbon black)
was purchased from Premetek Company. All the chemicals were
used without further purification. The water used in all experi-
ments was ultrapure (18.2 MQ). No unexpected or unusually
high safety hazards were encountered.

Synthesis of Ir'W NDs. Iridium chloride hydrate (IrCl,-
«H,0, 8 mg), tungsten hexacarbonyl (W(CO), 10 mg),
cetyltrimethylammonium chloride (CTAC, 60 mg), glucose
(40 mg), and oleylamine (5 mL) were added into a vial
(volume: 20 mL). After the vial had been capped, the mixture
was ultrasonicated for around 30 min. The resulting homo-
geneous clear mixture was then heated in an oil bath at 250 °C
for 3 h. The cooled product was washed twice with a cyclohexane/
ethanol mixture, and collected by centrifuging at 9500 rpm.

Characterization. Transmission electron microscopy
(TEM) was conducted on an FEI Tacnai T20 transmission
electron microscope at an acceleration voltage of 120 kV.
High-resolution TEM (HRTEM) and TEM energy-dispersive
X-ray spectroscopy (TEM-EDS) were conducted on a JEM-
2100F transmission electron microscope at an acceleration
voltage of 200 kV. High-angle annular dark-field scanning
TEM (HAADF-STEM) was performed on an FEI TITAN
transmission electron microscope at an acceleration voltage
of 300 kV. X-ray diffractometry (XRD) was collected on a
PANalytical- XRD instrument using a Cu Ka radiation (4 =
0.15406 nm) at 40 kV voltage and 30 mA current. X-ray
photoelectron spectroscopy (XPS) tests were done with a
Kratos AXIS Supra/Ultra spectrometer. The composition and
concentration of catalyst were determined by the inductively
coupled plasma atomic emission spectroscopy (710-ES, Varian,
ICP-AES). The catalysts after the durability tests were scratched
off the glassy carbon electrode by sonication in ethanol, and
then collected for further TEM characterization.

Electrochemical Tests. Before the electrochemical tests,
the IrW NDs dispersed in 10 mL of cyclohexane and Ketjen
carbon in 50 mL of ethanol were mixed, and then sonicated for
60 min. The obtained Ir'W/C was collected, washed with
ethanol three times, and dried at 80 °C overnight. For the
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catalyst ink for the electrochemical tests, the carbon-supported
catalysts were dispersed in a mixture containing water, isopro-
panol, and S wt % Nafion (volume ratio: 0.5:0.5:0.025) to form
a homogeneous ink by sonication for 60 min in an ice bath.
The concentration of Ir was controlled to be 0.2 mg;, mL™" on
the basis of the ICP-AES measurement. Electrochemical tests
were conducted on a CHI660E electrochemical workstation
(Chenhua, Shanghai, China) with a three-electrode system.
The catalyst ink modified on a rotating disk glass carbon (GC)
electrode (Pine Ins) was used as the working electrode (mass
loading: 10.2 pgy, o.p cm™2), Ag/AgCl (in acid) or Hg/HgO
(in base) electrode used as the reference electrode, and a Pt
wire (for the OER) or graphite rod electrode (for the HER)
used as the counter electrode. The HER and OER electro-
chemical performances were tested in N,- and O,-saturated
acid (0.1 M HCIO,) or base (0.1 M KOH) solution. The
linear sweep voltammetry curves were recorded with a scan
rate of S mV s™' and a rotation rate of 2000 rpm (to remove
the adsorbed bubbles on the GC) with 95% iR drop com-
pensation after the activation or oxidation process of catalysts.
The overall water splitting was performed in three electrolytes
with different pH values (0.5 M H,SO,, 1 M KOH, and 1 M
PBS) using catalyst ink modified on CFP as both the cathode
and anode in a two-electrode system. The active geometric
area of both electrodes is 1 cm X 1 cm, and the mass loading is
about 30 pg,. o.pe cm™> Chronopotentiometry (CP) curves
were recorded at a constant potential without iR-compensa-
tion. The electrochemically active surface area (ECSA) was
determined by integrating the hydrogen adsorption charge on
the CVs at room temperature in N,-saturated 0.1 M HCIO,
solution. All the electrochemical data have been tested at least
three times. The turnover frequency (TOF) value measured by
the ECSA of the catalyst was evaluated at the overpotential of
10 mV (for the HER) and 300 mV (for the OER) versus RHE
according to the reported method.”> The TOF value was
calculated from the following equation: TOF = n;iN. Here, j is
the current density under a certain overpotential with 95%
iR-corrected, A is the geometric area of the GC electrode
(0.196 cm™), n is the number of electron transfer in the
reaction (2 for the HER or 4 for the OER), F is the Faraday
constant, and N is the mole number of precious metal on the
electrode as the active site, calculated by the following equa-

. ECSA-M
tion: N = ———
NoNy

cally active surface area, M is the mass loading of Pt or Ir on
the electrode, Ny is the constant of metal surface concentration
(1.25 x 10" m™ for Pt and 1.30 X 10" m™ for Ir), and N, is
the Avogadro constant.

DFT Calculations. The computations were implemented
by the Vienna ab initio simulation package (VASP) based on
density functional theory (DFT) to optimize the structure and
investigate the reaction mechanisms. Projector augmented
wave (PAW) was used to depict the ion—electron interactions
when the function of Perdew, Burke, and Ernzerhof (PBE)*°
based on the generalized gradient approximation (GGA) was
adopted to describe the exchange and correlation potential.
The Gaussian smearing method with a width of 0.05 eV is used
for partial occupancies in finite temperature. In structure
optimization calculations, 5 X S5 X 1 Monkhorst—Pack’’
sampled k-points were used, and a cutoff energy of 400 eV was
adopted. For projected density of states (DOS) plotting, a
larger set of k-points (17 X 17 X 17) was used. The threshold

. Here, ECSA is the measured electrochemi-
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of convergence was set to 1 X 107* eV and 0.01 eV A™! for the
self-consistent field (SCF) and ion steps, respectively. In all the
investigated slab models, the vacuum space is set to be at least
20 A to separate the interaction between neighboring slabs,
with the thickness of more than 10 A adopted, and all the ions
in the slab relaxed. The lattice parameters were optimized at
a=b=452Aand c=3.16 A for rutile IrO), and a = b = c =
3.84 A for face-centered cubic Ir, consistent with experimental
values. Spin polarization was considered in all the computa-
tions.

For calculating the free energy diagram of the HER, \/ 3 X
\/3 supercells of (111) facets of the fcc Pt, Ir, and IrW model
were considered in the computations. We used the method
developed by a previous work™® for the HER in acidic media.
For the mechanism in alkaline media, we suppose that it follows
the Volmer—Heyrovsky route, in accordance with the experi-
mentally observed Tafel slope.”* The two stages of hydrogen
evolution were as in the follow equations:

* + H,0 + ¢ = *H 4+ OH™ (Volmer stage)

*H + H,0 + e~ = * + H, + OH™ (Heyrovsky stage)
The corresponding free energy was calculated as follows:

AG = AE + AZPE —_ TAS - nAGOH—_*OH

where AE, AZPE, T, and AS are the DFT-derived energy, zero
point energy, the temperature in Kelvin, and entropy,
respectively. The ZPE (Table S6) was calculated by using
vibration frequencies with harmonic normal mode approx-

imation, as in the equation ZPE = % Y hv, where h is Planck’s

constant. For the acquisition of AGgy—_xop, the method of a
previously reported work was adopted for avoiding the difficulty
in directly calculating the energy of OH™.*” The barriers of the
Volmer stage and Heyrovsky stage are estimated by nudged
elastic band (NEB) method.”

To simulate the mechanism of OER, we performed the
calculations of adsorption energy of OH, O, and OOH over
the slab model of the IrO, (110) surface. For the building of
structures of W-IrO,, Ir atoms were homogeneously replaced
by W atoms according to the experimentally measured com-
position. For computing the overlapped area of O 2p and Ir 5d,
the integrated section is between —5 and S eV versus Fermi
level.
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