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S1. Zirconium doping level of Tii-sZr;OxN, catalysts.

Ti1-aZr4sOxN, catalysts with four different d of 0.1, 0.2, 0.3 and 0.4 were synthesized by putting
different mass of ZrCls into a precursor dispersion. The d value of the catalysts evaluated using an
energy dispersive X-ray spectroscopy (EDS), deps, is plotted as a function of the nominal zirconium
doping level calculated from the mass of TiOSO4 and ZrCls used for the synthesis, d, in Figure S1. The
deps 1s almost the same as d and the standard deviations displayed by error bars are small enough when
d < 0.3, indicating that the precursors were mixed well and did not evaporate during the pyrolysis. A
large error bar is observed at d = 0.4, suggesting that some improvements are needed to prepare the
precursors. Overall, it is fair to say that the d of Ti1-4ZrsO:N; is well controlled by simply changing the

mass of ZrCly in the precursor dispersion.
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Figure S1. Zirconium doping level measured using an energy dispersive X-ray spectroscopy versus that
calculated from the mass of TiIOSO4 and ZrCly precursors (deps — d curve of Ti1-4ZrsO:N, catalysts).
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S2. Effect of electrolyte solution on oxygen reduction reaction (ORR) activity of Tio.oZro.iOxNy

catalyst.

It is well known that the ORR activity of platinum catalysts in 0.1 mol dm™> HCIOy4 is higher than
that in 0.1 mol dm™ H,SO4 because (bi)sulfates from H>SO4 adsorbed on the platinum surface block the
initial adsorption of O molecules.>!' Similar effect of (bi)sulfates on the ORR activity of
oxide/oxynitride catalysts has not been reported and thus rotating disk electrode (RDE) voltammograms
of Tio.9Zro.10:N, catalyst were measured in 0.1 mol dm~> HCIO4 and 0.1 mol dm= H2SO4 as shown in
Figure S2. The activity is almost the same in both electrolytes indicating that the adsorption of

(bi)sulfates on this catalyst is not significant.
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Figure S2. Rotating disk electrode (RDE) voltammograms of Tio.9Zro.10:N, catalyst after N> pyrolysis
at 1173 K for 2 h. The scans are performed under N; and O; atmospheres using a rotation speed of 1500
rpm and a scan rate of =5 mV s! (cathodic) in 0.1-mol dm > H,SO4 and 0.1-mol dm > HC1O4. The

catalyst loading is constant at 0.86 mg cm 2.
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S3. Crystal structure and morphology of Tii-«Zr.OxN, catalysts.

The X-ray diffraction (XRD) patterns of Ti1.¢ZrsOxN, catalysts at around TiN (2 0 0) plane are shown
in Figure S3. The peak shifts to lower angles as d increases. This indicates that the lattice is expanded.
Their morphologies were investigated using field emission-scanning electron microscopy (FE-SEM)

images which are shown in Figure S4. All the catalysts were composed of particles with less than 100

nm.
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Figure S3. X-ray diffraction (XRD) patterns at 260 = 40—-45° of Ti1-«ZrsOxN, catalysts for four different

values of &: (1) 0.1, (i1) 0.2, (iii) 0.3 and (iv) 0.4 after N; pyrolysis at 1173 K for 2 h.
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Figure S4. Field emission-scanning electron microscopy (FE-SEM) images of Tii-aZrsO,N, catalysts
for four different values of d: (1) 0.1, (i1) 0.2, (ii1) 0.3 and (iv) 0.4 after N pyrolysis at 1173 K for 2 h.
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S4. Chemical states of Tii1-sZrsO«N, catalysts.

The X-ray photoelectron (XP) spectra of Tip.sZro20xN, catalyst are shown in Figure S5. The Ti 2p
and Zr 3d core levels split into Ti 2p3/»2 / Ti 2p12 and Zr 3ds2 / Zr 3d3p levels, respectively. Thus,
doublets are shown in both spectra. The Ti 2p spectrum displays three pairs of doublets which are
assigned to (1) TiO; phase whose Ti 2p3/2 peak at ~ 459 eV, (2) nitrogen-doped TiO; phase at ~457 eV,
and (3) TiN phase at ~455 eV. 55 In contrast, only one doublet is displayed in the Zr 3d spectrum
whose Zr 3ds)» peak locates between that of Zr*" in ZrO2 (183.5 eV)%* and of metallic Zr (179.0 V),
and can be assigned to either Zr*" that is substituted for Ti*" in TiO>5* or Zr** in nitrogen-doped
Zr0,.5%57 Since the peaks derived from these two different phases overlap each other, a precise
deconvolution of the Zr 3d spectra is not possible. The N 1s spectrum displays four peaks and the
highest one at ~401 eV is assigned to interstitial nitrogen atoms in TiO; lattice,>® while the other three
ones can be from two components. The peak at ~399 eV is from both O-Ti—N bonding in nitrogen
substituted TiO; lattice® and nitrogen atoms in nitrogen-doped ZrO»,% while that at ~397 eV is from
both N-Ti-N bonding in nitrogen substituted TiO> lattice®>5'° and nitrogen atoms in ZrN.5¢ The lowest
one at ~396 eV is from both nitrogen atoms in TiN5? and those in ZrN2.%¢ These overlapping peaks
make the precise discussion with the deconvolution of the N 1s spectrum impossible. The O 1s spectrum
is also asymmetric to display two peaks; the lower one at ~531 eV is from oxygen atoms in both TiO>
and ZrO; and the higher one at ~532 eV is from oxygen atoms in both nitrogen doped TiO2 and nitrogen
doped Zr0,.5% Moreover, contaminants from the XP spectrometer and air can contribute to these peaks
and thus the precise discussion with the deconvolution of the O 1s spectrum is avoided.

Based on these assignments, quantitative analyses are performed only on the Ti 2p spectra before and
after sputtering the surface. Figure S6 shows Ti 2p spectra of the Tio.sZro2OxN, catalyst after five
different sputtering time, ;. The area fraction of the components (1) TiO2 and (2) nitrogen-doped TiO:
decreases while only that of (3) TiN increases as f increases, indicating that the thin surface oxide layer

is removed by sputtering and the subsurface is TiN which agrees well with the results from XRD and
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Raman analyses from Figure 1(a) and (b). The area fraction of the abovementioned three components,
s1, s2 and s3 are summarized in Figure 2(II).
The XP spectra of Ti1.4ZrsO:N, catalysts are shown in Figure S7. All the Ti 2p, Zr 3d, N 1sand O 1s

spectra change little as d increases. This indicates that d does not affect the chemical states significantly.

=== TiN or ZrN,
--- 3TiN - -~ substitutional N in TiO, or ZrN TiO, or ZrO, or contaminants
=== 2 N-doped TiO, -~ - Zr-substituted TiO, - - - substitutional N in TiO, or ZrQ, - - - N-doped TiO, or N-doped ZrO,
1TiO, or N-substituted ZrO, - -~ interstitial N in TiO, or contaminants
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Figure S5. X-ray photoelectron (XP) Ti 2p, Zr 3d, N 1s and O 1s spectra of Tio8Zro2OxN, catalyst. The
spectra (solid curves) are shown with deconvolutions into several peaks (dashed curves) after
subtracting Shirley-type backgrounds (dash-dotted curves).
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Figure S6. XP Ti 2p spectra of TiosZro20xN, catalyst after five different total sputtering times, ¢ for 1,
2, 3, 4 and 5 minutes. The spectra (solid curves) are shown with deconvolutions into six peaks (dashed
curves) after subtracting Shirley-type backgrounds (dash-dotted curves).
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Figure S7. X-ray photoelectron (XP) Ti 2p, Zr 3d, N 1s and O 1s spectra of Tii-aZrsOxN, catalysts for
four different values of d: (i) 0.1, (ii) 0.2, (iii) 0.3 and (iv) 0.4 after N; pyrolysis at 1173 K for 2 h.



S5. Effect of pyrolysis temperature on ORR activity of Tio.sZro2OxN, catalysts.

The RDE voltammograms of Ti1-«ZrsO:N, catalysts for three different Na>-pyrolysis temperatures, 71
are shown in Figure S8. At 71 = 1123 K, the optimum temperature for the Zr-free TiO.N, catalyst,5!!
Ti0.8Zr020xN, exhibited higher ORR activity than TiO:N,. If the carbon residues from urea precursors
formed active sites, TiO:N, and Tio.sZro2OxN, should display identical activity as they were synthesized
under identical conditions except for the addition of ZrCly into the precursor dispersion. Therefore, the
active sites are on the surface of Tio.sZro20OxN,, not carbon residues and Zr atoms increased the activity.
The activity increases as 71 increases to 1173 K then decreases when 71 further increases to 1223 K. At
the optimized 71 = 1173 K, Ti1.4ZrsO:N, catalysts were synthesized at four different d = 0.1, 0.2, 0.3 and
0.4. The activity was evaluated using a half-wave potential, £1,, the potential at which half of the
limiting current density is obtained, whereas the selectivity was evaluated using a hydrogen peroxide
yield, Xn,0,. The results are summarized in Table S1. The optimum d both for activity and selectivity of

the catalyst is 0.2; the highest £1» of 0.62 V and the lowest Xu.0, of 0.9-1.5% are obtained.
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Figure S8. RDE voltammograms for Tio.8Zro2OxN, catalysts after three different N2-pyrolysis
temperatures, 71, at 1123 K, 1173 K and 1223 K. A RDE voltammogram of TiOxN, catalyst at 71 =
1123 K5!2 is also shown as a reference. The scans are performed under N2 and O, atmospheres using a
rotation speed of 1500 rpm and a scan rate of =5 mV s ! (cathodic) in 0.1-mol dm > H2SO4. The catalyst
loading for Tio.sZro20xN, is set constant at 0.86 mg cm 2 whereas that for TiOxN, is set at 1.00 mg cm 2.

S9



Table S1. Half-wave potentials, E12 and hydrogen peroxide yields, Xu,0, of Ti1-aZrsOxN, catalysts for
four different d = 0.1, 0.2, 0.3 and 0.4 shown in Figure 3. The Xy.o, are shown at four different
potentials £=0.7, 0.6, 0.5 and 0.4 V.

Catalyst Eipvs.RHE | Xuo,|e-07v | Xwo.|E-06v | Xuo,|E-05v | Xno.|E=04V
Tio.6Z1r040ON, | 0.38V 11.8% 11.3% 11.2% 10.0%
Tio.7Z1030:N, | 042V 8.7% 8.9% 8.6% 7.0%
Ti0.8Zr020:N, | 0.62V 1.4% 1.5% 1.2% 0.9%
Ti0.9Zr0.1O:N, | 0.48 V 4.1% 4.8% 4.3% 3.2%
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S6. Effect of NHs-annealing temperature on the ORR activity of Tio.sZro.2OxN, catalysts.

A low temperature NH3-annealing maximizes the activity and nitrogen doping level of Zr-free
TiO.N,5!" and TiON,P.3! catalysts after optimizing the temperature. However, it does not increase the
activity of Tio.8Zro20:N, catalyst as shown in Figure S9. The atomic ratio of nitrogen to the sum of
titanium and zirconium, i.e., y in Tig.8Zro2OxN, is determined by the XP spectra. The calculated y values
are 0.91 +£0.10, 0.90 £ 0.03, 0.91 + 0.01 and 0.95 + 0.02 for Tios8Zr02OxN, catalyst before annealing,
that after annealing at 873 K, 923 K and 973 K, respectively. The increase in y is limited and the
resulting activity is not increased after the NHs-annealing. The ZrO» phase present in the Tio.8Zro2OxN,
catalyst shown in Figure 1(a)-ii could consume reactive nitrogen from NH; gas®’ and thus surface

nitrogen content does not increase.
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Figure S9. RDE voltammograms of TiosZro2OxN, catalyst before and after NHs-annealing at three
different temperatures, 7>, at 873, 923 and 973 K. The scans are performed under N> and O> atmospheres
using a rotation speed of 1500 rpm and a scan rate of =5 mV s~ ! (cathodic) in 0.1-mol dm > H,SOa4. The
catalyst loading is set constant at 0.86 mg cm 2.
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S7. Optimization of synthesis conditions for the ORR activity of Tio.sZro20xN, catalysts.

Effects of NH3z-annealing temperature and duration (7> and ¢, respectively) on the ORR activity of
Ti0.8Zr020xNy catalysts synthesized with phen are investigated. Their RDE voltammograms with various
T> and ¢ are shown in Figure S10. The activity is successfully maximized at 7> = 1073 K and t = 3.0 h
and the calculated y value is 2.09 £ (.14, twice as large as that of phen-free Tio.sZro2OxN, catalysts. The
optimized TiosZro20xN, catalyst synthesized with phen exhibits an excellent durability against start-
up/shut-down cycles as shown in Figure 4 and the changes in E1» and kinetic current density, jk are

summarized in Table S2.
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Figure S10. (left) RDE voltammograms of TiosZro2OxN, catalysts synthesized with phen after NHs-
annealing at three different 72, 1023 K, 1073 K and 1123 K for a fixed # =3 h and (right) those after NH3-
annealing at a fixed 7> = 1073 K for three different #, 2.0 h, 3.0 h and 4.5 h. The scans are performed under
N> and O atmospheres using a rotation speed of 1500 rpm and a scan rate of =5 mV s~ ! (cathodic) in 0.1-
mol dm > H2SO4. The catalyst loading is set constant at 0.86 mg cm 2.
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Table S2. The ORR kinetic data of Tio.sZro2O:N, and TiO:N,P; catalysts before and after 5,000 potential
cycles between 1.0 V and 1.5 V shown in Figure 4.

Before 5,000 cycles After 5,000 cycles
Catalyst Eip vs. RHE Jile=07v" Ein vs. RHE Jxle=07v"
Tio.8Zr020xNy 0.66 V 2.29 mA cm™ 0.62V 0.90 mA cm
TiO:N, P 0.63V 1.45 mA cm™ 055V 0.37 mA cm 2

“Kinetic current density, jk = |j| - |ji| - ([fi| — [j]) ! at £=0.7 V where j = jo — jx and i is the limiting current
density.
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S8. Durability of TiosZro.2OxN, catalysts against load cycles.

In fuel cell vehicles, the potential is in general controlled between 0.6 V and 1.0 V, corresponding to
the highest load and idling mode, respectively.5'* Durability of the best Tio.sZro20:N, catalyst against the
load 5,000 cycles is displayed in Figure S11. The activity remains almost the same after 5,000 cycles,

which indicate that this catalyst is stable at E< 1.0 V.

O —— before 5k cycles
- — - — after 5k cycles

Jo-Jjn/mAcm
N

B _
4} '
Bp === . .
0.2 0.4 0.6 0.8
E vs. RHE / V

Figure S11. RDE voltammograms of Ti.sZr02O:N, catalyst before (solid curve) and after (dash-dotted
curve) 5,000 potential cycles between 0.6 and 1.0 V vs. RHE with symmetric rectangular waves shown
in the inset: it was held at 0.6 V for 3 s then at 1.0 V for 3 s in 0.1-mol dm > H>SO4 solution. The
catalyst was synthesized by two step heating process; it was first heated under N> at 1173 K for 2 h then
heated under NH3 at 1073 K for 3 h. Before and after the 5,000 cycles, scans were performed under N>
and O atmospheres using a rotation speed of 1500 rpm and a scan rate of =5 mV s ! (cathodic) to
evaluate the activity.
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