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Heteroatom doping is a potent strategy to regulate electronic structures and improve electrocatalytic perfor-
mances, which has been extensively applied in fabricating carbon-based composite catalysts. Here, we report an
ultrafine iridium oxide supported on boron-doped carbon nanotubes with rich defects for high-efficiency
hydrogen/oxygen evolution reactions and overall water splitting at all pH values. Theoretical study shows
that the excellent OER and HER activities of ultrafine IrO2 nanoparticles can be attributed to their enhanced

redox abilities comparing to those of bulk IrO- catalysts. Under OER conditions, the O-excessive surface of ultra-
fine IrO2 nanoparticles weakens the binding strengths of oxygenated species, leading to enhanced OER activity.
Under HER conditions, the surface of the IrO, nanoparticle will be reduced to an intermediate state between Ir
oxide and Ir metal, which greatly enhances the H binding energy and thus improves HER activity (even higher

than Pt(111)).

1. Introduction

The hydrogen evolution reaction (HER) and oxygen evolution reac-
tion (OER) are the two half reactions of water splitting, by which high
purity of hydrogen can be massively produced for fuel cells and chemical
applications [1]. Currently, the cost of hydrogen production for elec-
trolytic water is generally higher than that for steam methane reforming
and coal gasification [2]. One of the main reasons is the lack of high-
efficiency and robust electrocatalysts to drive the HER and OER, espe-
cially OER. Although the slow kinetics of HER and OER can be expedited
on Pt/Rh and RuOy/IrO,, respectively, the fancy prices and chemical
sensitivities of these noble metals restrict their wide-scale applications
[3-6]. Development of high-performance electrocatalysts for HER and
OER is urgently demanded for mitigating even-growing energy and
environmental crisis. Moreover, development of bifunctional HER and
OER electrocatalysts is the key for unitized regenerative fuel cells [7].

In the last few years, great progress has been made for the fabrication
of high-efficiency transition-metal-based bifunctional HER and OER
electrocatalysts for water splitting, including nitrides [8], carbides [9],
phosphides [10], sulfides [11], borides [12], (oxy)hydroxides [13], and
oxides [14]. However, from the view of thermodynamics, oxides are the
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most stable states during the OER because nitrides, carbides, phos-
phides, sulfides, and borides would ultimately be oxidized to the cor-
responding oxides in a realistic large current system [15]. Therefore,
fabrication of bifunctional oxides for HER and OER is desirable and
applicable [16,17]. However, although OER can be efficiently catalyzed
on some oxide catalysts, there are seldom reports about efficient HER on
oxide catalysts due to high Gibbs free energy (AGg-) for hydrogen
adsorption [18].

Iridium oxide is the most stable OER catalyst in acidic media, which
also shows excellent catalytic activity in various electrolytes with wide
pH values [19-22]. However, it is unstable for OER in alkaline media
due to the dissolution of Ir into the solutions [23]. Moreover, iridium
oxide shows poor HER activity, making itself unable to be bifunctional
electrocatalyst for both HER and OER [24]. Chen et al. found that the
electrons transferred from the iridium-cobalt alloy core to the graphene
layers can lower the AGy+ for HER, thus improving electrocatalytic
performance [25]. Chou and coworkers found that the HER activity can
be improved by coordinating iridium atom with one nitrogen and three
carbon atoms [26]. We found weak adsorption of H* on IrN4Cy sites,
leading to very low HER overpotential [27]. By theoretical calculations,
Baek et al. found that the empty d orbitals of iridium sites can be
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decreased through interacting with adjacent C/N atoms, leading to
enhanced HER activity [24]. Yang et al. found that the electronic
structure of iridium oxide nanoparticles on carbon cloth can be adjusted
by introduction of Pt, and the optimized catalyst showed excellent
bifunctional performance for both OER and HER [28]. Therefore, it is
feasible in theory to catalyze HER by modulating the electronic structure
of iridium oxide. Boron (2.04 eV) shows smaller electronegativity than
carbon (2.55 eV) [29]. B-doping can change the electronic structure of
adjacent carbon atoms and improve the charge transfer of carbon-based
materials, thus boosting electrocatalytic performance.

Since iridium is a precious metal with high price, reducing the
dosage while increasing catalytic activity is highly desirable [30-34].
The surface iridium atoms can be exposed over 90% by downsizing the
iridium oxide nanoparticles to the level of sub-nanometer, which can be
efficaciously utilized [35,36]. Compared with single Ir atoms, ultra-
small iridium oxide exhibits better electrocatalytic stability due to
more saturated coordination [37]. The electronic structure of highly
exposed iridium atoms can be interacted with environmental electro-
negative nonmetallic atoms and be regulated to be more suitable for
HER and OER [38,39]. In this work, we fabricated ultra-small iridium
oxide nanoparticles on B-doped CNT for efficient HER and OER, which
exhibited unprecedented catalytic performance towards full water
splitting at all pH values.
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2. Experimental section
2.1. Preparation of catalysts

2.1.1. Synthesis of BCNT

Boron doped multiwalled carbon nanotubes were synthesized by
high temperature annealing method [40]. In a typical synthesis, multi-
walled carbon nanotubes were placed on the surface of boron oxide in a
alundum combustion boat, which was annealed under argon atmo-
sphere at 1300 °C for 6 h. The obtained mixture was then heated in
sodium hydroxide solution at 90 °C for 2 h to wipe off remained boron
oxide. After centrifugation and washing with water, the solid was dried
at 80 °C for 12 h to obtain B-doped multiwalled carbon nanotubes,
which was nominated as BCNT. The surface content of B is ca. 0.5 at.%.

2.1.2. Synthesis of rO2@BCNT

Iridium oxide supported on BCNT was prepared by low temperature
annealing method. Typically, tetrairidium dodecacarbonyl was
dispersed in tetrahydrofuran solution by ultrasonic processing. Then,
BCNT was added into the mixture, which was further ultrasonically
treated for 1 h. After removing the tetrahydrofuran solvent, the
remained solid annealed in Ny at 190 °C for 30 min. The obtained
product was mildly oxidized in air at 35 °C for 48 h to obtain
IrO2@BCNT. The iridium content in the IrO,@BCNT samples varied
from 1.0 wt% to 5.0 wt%. For the 3%IrO,@BCNT, the Ir loading is
determined to be ca. 2.8 wt% by ICP-AES.

d Irdr 1y foil
IrO,
3%IrO,@BCNT

Ir-O

Fig. 1. (a) TEM image, and (b) HAADF-STEM image of 3%IrO>@BCNT. (c) Ir XANES spectra, and (d) Ir EXAFS spectra of iridium foil, iridium oxide, and

3%IrO,@BCNT.
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For comparison, IrO;@CNT with 3 wt% Ir was synthesized by a
similar synthetic procedure except using CNT to replace BCNT.

3. Results and discussion

3.1. Catalyst characterization

The dispersion of iridium species on BCNT was characterized by
transmission electron microscopy (TEM). As illustrated in Fig. 1a, the
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IrO5 nanoparticles are well dispersed onto the BCNT with average size of
1.18 nm (Fig. S1), which are far smaller than those on pure CNT (1.56
nm), suggesting that the doping of boron into CNT favors the homoge-
neous dispersion of IrO, due to the coordination of B element with
iridium species (Fig. S2). The uniform dispersion of iridium species on
BCNT was further confirmed by scanning transmission electron micro-
scopy (STEM). As depicted in Fig. S3, bright dots (Ir atoms) are homo-
geneously distributed onto the BCNT, further revealing good dispersion
of ultrafine IrO5 nanoparticles. The iridium species on BCNT was
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Fig. 2. (a) LSV curves of 20% Pt/C, BCNT, 3%IrO,@CNT, and 3%IrO,@BCNT in 0.5 M H5SO,. (b) The corresponding Tafel plots in H,SO4 solution. (c) LSV curves of
20% Pt/C, BCNT, 3%IrO>@CNT, and 3%IrO,@BCNT in 1 M KOH. (d) The corresponding Tafel plots in KOH solution. (e) LSV curves of 20% Pt/C, BCNT, 3%
IrO,@CNT, and 3%IrO,@BCNT in 1 M PBS (pH = 7). (f) The corresponding Tafel plots in PBS solution.
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identified by aberration corrected high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM). As shown in
Fig. 1b, the distance between two adjacent lattice fringes is 0.224 and
0.201 nm, which is attributed to the (200) and (210) crystal plane of
IrO5 (PDF#15-0870), respectively, suggesting that the iridium species
were completely oxidized to Ir'V.

The valence state and coordination environment of iridium was
analyzed by X-ray absorption fine structure (XAFS). Fig. 1c and 1d show
the iridium Lg-edge X-Ray absorption near-edge structure (XANES)
spectra and extended X-ray absorption fine structure (EXAFS) spectra of
3%IrO2@BCNT, Ir foil, and IrO,. The relative intensity of the white-line
peak of 3%IrO,@BCNT is very near to that of IrO; and much higher than
that of Ir foil, indicating that the valence state of iridium in the 3%
IrO,@BCNT is Ir"Y in agreement with the HAADF-STEM result [41]. The
distance of the first Ir-O/B coordination shell derived from Ir Ls-edge
EXAFS spectra is 0.202 nm, longer than that of IrO3 (0.198 nm) [42],
suggesting that the doped boron should interact with the supporting
IrO5 and thus influence the electronic structure. In addition, the fitting
results show that the coordination number of the Ir-O/B path is 7.0,
higher than that in IrOy (6.0) [42]. Moreover, the absence of peaks at
around 0.281 nm (corresponding to Ir-Ir path) in the EXAFS spectrum of
3%IrO2@BCNT suggests that no metal Ir species are presented and all
iridium atoms were oxidized to Ir'".

The chemical valence of iridium in 3%IrO,@BCNT was further
confirmed by X-ray photoelectron spectroscopy (XPS). As exhibited in
Fig. S4, the peaks of Ir 4f5,» and Ir 4f;, are centered at 64.4 and 61.5 eV,
respectively, implying the presence of dominant Ir'V in the sample in
alignment with the HAADF-STEM and XANES results [43]. In addition,
the fitting results of B 1 s show that there are BC3 (63.3%), BC20
(22.9%), and BCOy (13.8%) species [40]. For BCNT, the doping con-
centration of B is ca. 0.5%. The B-doping into CNT would introduce
many defects due to different coordination numbers of B and C. As
depicted in Fig. S5, the D band and G band in the Raman spectra are
located at 1343 cm™! and 1575 cm™}, respectively. The Ip/Ig value for
3%IrO,@CNT is 0.24, far lower than that (0.52) for 3%IrO,@BCNT,
indicating that more defects are presented in the latter. The defects
around B sites can capture high-energy iridium species and stabilize
them, resulting in better dispersion and smaller particle size of iridium
species onto the BCNT than those on CNT.

3.2. HER performance

The electrocatalytic HER activity of the IrO;@BCNT at various pH
values was assessed using a typical three electrode configuration. For
comparison, the electrocatalytic activity of BCNT, 3%IrO,@CNT, and
commercial 20 wt% Pt/C was also measured. First, the HER activity was
evaluated in acidic medium (0.5 M H3SO4). As demonstrated in Fig. 2a,
the polarization curve of 3%IrO,@CNT shows a notably small onset HER
overpotential close to 0 V, which can be compared with the state of the
art Pt/C catalyst. However, the cathodic current increase on 3%
IrO,@BCNT is much faster than that on Pt/C when more negative po-
tential is applied. As a result, 3%IrO,@BCNT shows a much smaller
Tafel slope (only 10 mV/decade) than the Pt/C (30 mV/decade)
(Fig. 2b). Moreover, the overpotentials at 10 and 50 mA cm™2 for 3%
IrO,@BCNT are only 26 and 36 mV, respectively, much lower than those
for 3%IrO,@CNT (32 and 43 mV) and Pt/C (35 and 77 mV). The elec-
trocatalytic HER activity of 3%IrO,@BCNT can be comparable to the
best HER catalysts for acidic media (Table S1). It is evident that pure
BCNT exhibits very poor HER activity, which cannot deliver the current
density of 10 mA cm 2 even at an overpotential of 300 mV, implying
lack of efficient active sites for HER. The significantly improved HER
activity on 3%IrO,@BCNT suggests that the active sites for HER should
be the Ir-based species.

Next, the HER activity of the IrO,@BCNT was evaluated in basic
medium (1.0 M KOH). From the HER polarization curves in Fig. 2c, it
can be observed that the pristine BCNT exhibits poor HER activity,
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which delivers a current density of 10 mA cm ™2 at a very high over-
potential of 700 mV. When supporting ultrafine iridium oxide nano-
particles, the 3%IrO,@BCNT displays superior HER activity with an
onset potential of 11 mV (@0.5 mA cm~2) and delivers a current density
of 10 mA cm™2 at a very small overpotential of 44 mV. The enhanced
HER activity of 3%IrO,@BCNT should be mainly ascribed to the sup-
ported iridium oxide sites. As a contrast, 3%IrO,@CNT demonstrates
inferior HER activity and the onset potential and overpotential at a
current density of 10 mA cm ™2 are 15 and 56 mV, respectively, which
are close to those obtained on Pt/C (10 and 51 mV), making 3%
IrO,@BCNT among the most active HER electrocatalysts for basic media
(Table S2). The improved HER performance of IrO, supported on B-
doped CNT suggests the positive role of boron. Remarkably, the Tafel
slope of the 3%IrO,@BCNT is as low as 28 mV/decade (Fig. 2d), smaller
than that of 3%IrO,@CNT (52 mV/decade) and Pt/C (61 mV/decade),
indicating different HER mechanisms. On the former, the Tafel step
might be predominant, while on the latter, the HER should follow the
Volmer-Heyrovsky mechanism [44,45].

Finally, the HER activity of the IrO,@BCNT was evaluated in neutral
phosphate buffer solution (1 M PBS, pH = 7). Interestingly, the 3%
IrO,@BCNT shows an onset potential close to the thermodynamic po-
tential of HER (i.e., 0 V) in the neutral medium (Fig. 2e), which sur-
passes most HER electrocatalysts [3]. The cathodic current of the 3%
IrO2@BCNT raises more promptly than Pt/C and 3%IrO;@CNT as more
negative potential is given. To deliver the current density of 10 mA
cm 2, the 3%IrO,@BCNT needs an overpotential of only 61 mV, much
smaller than Pt/C (256 mV) and 3%IrO,@CNT (105 mV). The excellent
HER activity of 3%IrO2@BCNT can be reflected by its small Tafel slope
(only 78 mV/decade) (Fig. 2f), far lower than that for Pt/C (323 mV/
decade) and 3%IrO,@CNT (157 mV/decade), which indicates that the
HER on 3%IrO2,@BCNT could follow the Volmer-Heyrovsky mechanism
in the neutral medium.

The effect of iridium content on the electrochemical HER perfor-
mance was also investigated at various pH values. Generally, the elec-
trocatalytic activity increases with increasing the Ir loadings. As
depicted in Fig. S6, to deliver the current density of 10 mA cm 2 in 0.5 M
HaSO4, 1%IrO2@BCNT, 2%IrO,@BCNT, 3%IrO2@BCNT, 4%
IrO,@BCNT, and 5%IrO,@BCNT require overpotentials of 30, 27, 26,
23, and 21 mV, respectively. The corresponding Tafel slope is 16, 12, 10,
10, and 10 mV/decade, respectively, indicating favorable HER kinetics.
Moreover, in 1 M KOH, 1%IrO;@BCNT, 2%IrO,@BCNT, 3%
IrO,@BCNT, 4%IrO>;@BCNT, and 5%IrO,@BCNT require over-
potentials of 88, 70, 44, 40, and 38 mV to reach the current density of 10
mA cm 2, respectively (Fig. S7). The corresponding Tafel slope is 97, 60,
28, 22, and 20 mV/decade, respectively, reflecting different HER
mechanisms on IrO,@BCNT with low iridium content (i.e. 1% and 2%)
and IrO,@BCNT with relatively high iridium content (i.e. 3%-5%).
Furthermore, in 1 M PBS (Fig. S8), 1%IrO2@BCNT, 2%IrO;@BCNT, 3%
IrO2@BCNT, 4%IrO;@BCNT, and 5%IrO2@BCNT require over-
potentials of 99, 71, 61, 53, and 47 mV to reach the current density of 10
mA cm 2, respectively, demonstrating that all IrO,@BCNT samples can
efficiently catalyze HER in the neutral media. The corresponding Tafel
slope is 135, 95, 78, 63, and 55 mV/decade, respectively. The enhanced
HER activity with raising Ir content strongly support that the efficient
active sites for HER on the IrO;@BCNT catalysts should be iridium-
based species. The electrocatalytic stability of 3%IrO,@BCNT for HER
was evaluated under acidic, basic, and neutral media. As exhibited in
Fig. S9, the 3%IrO,@BCNT can retain the electrocatalytic activity for 20
h under different media, implying promising potential for practical
applications.

3.3. OER performance
The electrocatalytic OER performance of IrO;@BCNT is studied by

using a traditional three-electrode system at various pH values. For
comparison, commercial IrOy is also measured under the same
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conditions. The OER activity was first evaluated in 0.5 M H2SO4. As
illustrated in Fig. 3a, the 3%IrO2@BCNT exhibits outstanding OER ac-
tivity with an onset overpotential of only 220 mV at a current density of
0.5 mA cm’z, much lower than that for commercial IrO, (244 mV). To
achieve the current density of 10 mA cm ™2, the 3%IrO,@BCNT requires
an overpotential of only 291 mV, lower than that on IrO, (313 mV) and
3%IrO2@CNT (303 mV). The Tafel slope for IrOy, 3%IrO,@CNT, and
3%IrO2@BCNT is 58, 53, and 52 mV/decade, respectively (Fig. 3b),
indicating the rate-determining step for OER following the first electron
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transfer [46].

The OER activity was further assessed in 1 M KOH. From Fig. 3c, we
can obviously observe that the 3%IrO,@BCNT (only 188 mV @ 0.5 mA
cm’z) exhibits much lower onset overpotential than IrO5 (208 mV) and
3%IrO,@CNT (208 mV). To reach the current density of 10 mA cm™2,
the 3%IrO,@BCNT requires an overpotential of only 242 mV, much
smaller than that on IrO5 (270 mV) and 3%IrO;@CNT (260 mV), making
3%IrO,@BCNT catalyst among one of the best OER electrocatalysts in
alkaline media (Table S3). The excellent OER performance of 3%
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Fig. 3. (a) LSV curves of commercial IrO5, BCNT, 3%IrO,@CNT, and 3%IrO,@BCNT in 0.5 M H,SO4. (b) The corresponding Tafel plots in HoSO4 solution. (c) LSV
curves of commercial IrO5, BCNT, 3%IrO>@CNT, and 3%IrO,@BCNT in 0.5 M H,SO,4 in 1 M KOH. (d) The corresponding Tafel plots in KOH solution. (e) LSV curves
of commercial IrO,, BCNT, 3%IrO>@CNT, and 3%IrO,@BCNT in 0.5 M H,SO4 in 1 M PBS (pH = 7). (f) The corresponding Tafel plots in PBS solution.
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IrO,@BCNT can be reflected by its small Tafel slope (39 mV/decade),
lower than that for IrO5 (42 mV/decade) and 3%IrO,@CNT (46 mV/
decade) (Fig. 3d). The Tafel slope of these Ir-based catalysts is close to
40 mV/decade, implying that the second electron transfer is rate
determining step for OER in alkaline media [46].

The catalytic activities of the as-obtained electrocatalysts for OER
were finally evaluated in 1 M PBS. As displayed in Fig. 3e, the polari-
zation curve of the 3%IrO>@BCNT exhibits a small overpotential of 382
mV at the current density of 10 mA em 2, less than that for IrO, (422
mV) and 3%IrO,@CNT (391 mV). Furthermore, the 3%IrO;@BCNT
(165 mV/decade) shows a smaller Tafel slope than IrOy (216 mV/
decade) and 3%IrO,@CNT (221 mV/decade) (Fig. 3f), suggesting faster
increase in current by applying higher potentials for the former.

The influence of iridium content in the IrO,@BCNT on the electro-
chemical OER performance was studied. As shown in Figs. S10-S12, the
OER activity is improved with increasing the iridium loadings in all
media, suggesting that the iridium oxide should be the active species for
OER. Meanwhile, the Tafel slope decreases with raising the iridium
loadings, indicating more favorable OER kinetics on IrO;@BCNT with
higher iridium content.

The OER stability in various media was evaluated. As shown in
Fig. S13, the chronoamperometric responses for the 3%IrO;@BCNT
catalyst exhibit a negligible degradation of the limiting current density,
suggesting superior durability of the electrocatalyst in acidic, neutral,
and alkaline media. The 3%IrO;@BCNT catalyst after HER and OER
tests was characterized by XPS. As displayed in Fig. S14, there are a
small quantity of iridium with low valence on the surface after HER,
suggesting partial reduction of Ir** by substitution of surface O atoms by
H atoms. Meanwhile, Ir°" is presented on the surface of the 3%
IrO,@BCNT after OER, implying partial oxidation of Ir** to higher
valence state during the oxygen evolution process [43].

3.4. Overall water splitting performance

Due to excellent bifunctional HER and OER performances, the 3%
IrO,@BCNT was assembled as the anode and cathode in a two-electrode
system for electrocatalytic overall water splitting. As demonstrated in
Fig. 4, the 3%IrO,@BCNT3%IrO,@BCNT water electrolysis device re-
quires potentials of 1.517, 1.513, and 1.591 V vs RHE to achieve the
current density of 10 mA cm2in0.5M H,SO4, 1 M KOH, and 1 M PBS,
respectively, which surpass the most part bifunctional electrocatalysts
(Table S4). Moreover, the bifunctional 3%IrO,@BCNT catalyst shows
robust overall water splitting performance with slight decrease in cur-
rent density after operation for 12 h in all acidic, neutral, and alkaline
media. No obvious Ir can be detected in the acidic and neutral media,
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while less than 0.1% of initial Ir was dissolved in the alkaline medium
after the stability tests.

3.5. Theoretical calculations

We employed first-principles calculations to resolve the active sites
responsible for the observed exceptional OER and HER activities on the
ultrafine IrO, nanoparticles. The atomic models for the IrOy nano-
particle are built using Wulff construction method. We considered four
different low index crystal surfaces of different surface energies, which
are (110), (101), (100), and (001) surfaces with surface energies of
1.38,1.62, 1.85, and 2.31 J/rnz, respectively [47]. The generated Wulff
geometry of the rutile IrO5 is shown in Fig. 5a. It can be seen that the
nanoparticle is mostly covered by (110) and (1 01) surfaces, and there is
also a minor coverage of the (100) surface. The atomic structure was
built by cutting out an IrOs nanoparticle from the rutile IrOs bulk
structure using the Wulff shape as mould. The IrO, nanoparticle has
three O-Ir-O layers in the [11 0] direction, which gives a diameter of 0.6
nm for the girth and a length of 1.2 nm from top to bottom, close to the
observation from electron microscope images. The surface termination
of the IrO, nanoparticle needs to be determined. We constructed surface
Pourbaix diagrams for (110) and (101) surfaces to identify stable sur-
face structures as a function of potential and pH. As shown in Fig. S15, at
OER-relevant applied potential U ~ 1.6 Vryg, both surfaces should be
covered with adsorbed O*. Accordingly, we capped surface Ir atoms in
the IrO, nanoparticle with oxygen atoms, thus all Ir atoms are saturated
with six O ligands. The end-up atomic structure is shown in Fig. 5a. On
the surface of the IrO, nanoparticle, we identified eight inequivalent
active sites as highlighted and indexed by numbered yellow circles.
Before we start to investigate the OER activities of these active sites, the
OER activities of (110) and (101) surfaces are firstly studied as
references.

The free energy diagrams of OER on (11 0) and (1 01) surfaces can be
seen in Fig. S16. The onset potentials for OER for (110) and (101)
surfaces are 1.57 Vrug (nOER =0.34 V) and 1.54 Vrug (nOER =0.31V),
respectively. For IrO,(110), the potential limiting step is the OOH*
deprotonation and desorption step. For IrO2(101) surface, the potential
limiting step is the OOH* formation step. On both surfaces, the over-
potentials can be further lowered if the binding strengths of adsorbates
are weakened. To further demonstrate the direction of improving OER
activity of IrO, catalysts, we constructed the volcano plot as a function
of activity descriptors AGo-AGoy and AGpy as shown in Fig. 5b It
should be noted that we used the scaling rule AEgon = AEoy + 2.8 eV,
which is a better fit to the adsorption energies collected on IrO, surfaces
and nanoparticles as shown in Fig. S17. The volcano plot confirms that
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Fig. 4. (a) LSV curves of overall water splitting using 3%IrO>,@BCNT3%IrO,@BCNT as bifunctional electrocatalysts in 0.5 M H>SO4, 1.0 M KOH, and 1 M PBS. (b)
Chronoamperometry tests of the bifunctional overall water splitting systems in 0.5 M HySO4, 1.0 M KOH, and 1 M PBS.
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Fig. 5. (a) Geometry and atomic structure of IrO5 nanoparticle built by Wulff construction. All eight inequivalent active sites are denoted on the atomic model. (b)
Volcano plot showing the OER activity as a function of two descriptors: AGo-AGoy and AGop. (c,d) Free energy diagrams of OER at various applied potentials over
active site 1 and site 6 on the IrO, nanoparticle. The atomic structures of adsorbed O*, OH*, and OOH* are shown. The Ir atoms at the active sites are colored green.

decreasing AGo—AGoy and increasing AGoy could further enhance the
OER activities of the IrO, surfaces. We also located various active sites of
the IrO2 nanoparticle on the volcano plot. Most of the nanoparticle
active sites have decreased AGg —AGoy and increased AGoy and some of
them have nearly optimal AGo-AGopy and AGoy with optimal OER ac-
tivity according to the volcano plot. The variation of binding energies of
the oxygenated species across the IrO5 extended surfaces and various
sites on the IrO, nanoparticle can be related to the Bader charge of the Ir
atom at the vacant active site. There exists a linear relationship between
binding energies and the Bader charge of the catalyzing Ir atom as
shown in Fig. S18, namely more Bader electrons the Ir atom has lower
binding energies are. The active sites on the IrO, (110) and (101)
surfaces have more electrons than most active sites on the IrO; nano-
particle since the nanoparticle is O-rich as compared to stoichiometric
IrO5 crystal. In our oxidized IrO, nanoparticle model, we have 33 Ir
atoms and 1040 atoms, which results in an O:Ir ratio of 3.15, much
larger than that of the rutile IrO,. This structure is consistent with the
aforementioned EXAFS results that the Ir-O/B coordination number in
3%IrO2@BCNT is higher than that in bulk IrO,. Hence, the over-
oxidized nature of the IrO, nanoparticle leads to favorable weaker
binding energies with enhanced OER activity. Specifically, we identified
active sites 1 and 6 have enhanced OER activities by constructing their
free energy diagrams as shown in Fig. 5¢ and d, respectively. The onset
potentials for OER for active site 1 and 6 are 1.50 Vgryg (nOER =0.27V)
and 1.35 Vgyg (nOER = 0.12 V), respectively.

Regarding HER reaction, we first understand the surface state of IrOy
surface under HER conditions via the Pourbaix diagram shown in
Fig. S15. Under HER conditions, the surface O atoms have been reduced
to water and leave the surface. Meanwhile, H atoms start to adsorb on
the surface as a result of H" reduction. At Ugyg = 0 V, H atoms are

adsorbed on the bridging O vacancies and atop Ir sites. We add an
additional H to the surface and the adsorption turns out to be too weak,
leading to poor HER activity as shown in Fig. 6. We translate the surface
states of IrO, surfaces under HER conditions to IrO, nanoparticle.
Accordingly, we replaced all the surface O atoms with adsorbed H
atoms, which is also supported by the aforementioned XPS results
identifying low valence Ir ions in the 3%IrO>@BCNT catalyst after HER.
This will generate a partially reduced IrO2 nanoparticle, namely IrO,
covered with H atoms. We examined the HER activity of this nano-
particle by adding one additional H atom to various different sites on the
surface. We found that the H atom added to the Ir atom at the tip of the
IrOy nanoparticle has nearly perfect adsorption energy leading to HER
overpotential as low as 0.05 V as shown in Fig. 6, which is even lower
than that on Pt(111) surface (0.07 V). The reduced IrO, nanoparticle

1 —Pt(111)
0.8 —IrO, NP
0.6 —1r0,(110)
E 0.4
o 02}
<| 0 H" +e 1/2 H2
-0.2
-0.4
Reaction coordinates * H*

Fig. 6. Free energy diagrams for HER on Pt(111), IrO5(110), and IrO4 nano-
particle. The atomic structures of adsorbed H* on O-deficient IrO,(110) and
IrOx nanoparticle are shown. The adsorbed H* is colored light green.
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dramatically outperforms the reduced IrO, surface because the nano-
particle can be reduced to a state that is more metallic, which enhances
H binding. In our H-covered IrOx model, the O:Ir ratio is close to 1:1.
Consequently, the Ir atoms located at the tip of the nanoparticle only
binds to 2-30 atoms, which makes them retaining more electrons from
bonding with O ligands. And hence, the reduced Ir atoms can share more
electrons with H*, and thus enhance the H binding. The Bader analysis
shows that the Ir atoms at the tip of the nanoparticle have about 8
electrons and it is about 0.6 more electron than the Ir atom on the
reduced IrO, (110) surface. For comparison, the metallic Ir in Ir fcc
metal has about 9 electrons. Since the pure IrO, shows poor HER ac-
tivity, the B-doped CNT plays a key role for accelerating electron
transfer to partially reduce the surface Ir species. Thus, the efficient
active sites for HER on the IrO;@BCNT catalyst should be the partially
reduced IrOx nanoparticles.

4. Conclusions

In summary, we reported a high-performance bifunctional
IrO2@BCNT catalyst fabricated by supporting ultrafine iridium species
on boron-doped carbon nanotubes. The iridium loadings would influ-
ence the electrocatalytic activities. On the 3%IrO,@BCNT, to deliver a
current density of 10 mA cm 2, the HER overpotential is 26, 56, and 61
mV, while the OER overpotential is 291, 241, and 382 mV in 0.5 M
H2S04, 1 M KOH, and 1 M PBS, respectively. Moreover, 3%IrO;@BCNT
can be used as both anode and cathode electrocatalysts for overall water
splitting with ultra-low potentials of 1.517, 1.513, and 1.591 V vs RHE
to reach a current density of 10 mA em 2 in 0.5 M HySO4, 1.0 M KOH,
and 1 M PBS, respectively. Theoretical calculations revealed that over-
oxidized and significantly reduced ultrafine IrO, nanoparticles are
responsible for the observed excellent OER and HER activities,
respectively.
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