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1 Experimental section

1.1 Catalyst synthesis and working electrode preparation

The synthesis methods for Fe,03, Co30,4, TiO, and a-MnO, nanostructured catalysts are the
same as those used in our previous work.! RuO, nanoparticles were prepared according to a
reported method.? Surface density of coordinatively unsaturated metal (Mcys) on transition
metal oxides such as a-MnO, was tuned by the method developed in our previous work.! The
(oxy)hydroxides of Ni, Co, Fe, Mn are prepared through electrodeposition method. Specifically,
0.1 M MCI, (M refers to Ni, Co, Fe, Mn) solution is used as precursor for electrodeposition.
Pre-cleaned glassy carbon rotating disk electrode (RDE) or rotating ring-disk electrode (RRDE)
is used as substrate for electrodeposition by galvanostatic mode with a cathodic current density
of 0.5 mA cm? lasting 100s. NiFe and CoFe are electrodeposited under same conditions in
mixed solution of the metal salt (the optimized NiFe and CoFe are obtained with 50% and 20%
Fe respectively). The electrodeposited thin films are rinsed with high purity water prior to

electrochemical tests.

Materials characterization and temperature programmed reduction (TPR) were performed
with the same procedure as described before. To prepare a working electrode, the catalysts
were first dispersed in an isopropyl alcohol (IPA)/water (v : v =1 : 1) solution or pure N,N-
dimethylformamide (99.8%, Sigma-Aldrich ) with a concentration of 2 mg/ml. Since a-MnO,
is difficult to be well dispersed in solution, we mixed a-MnO, catalyst with multi-walled
carbon nanotubes (MWCNTs) with a weight ratio a-MnO, : MWCNTs =4 : 1 to get a well-
dispersed ink. The mixture was sonicated for 1 h, and subsequently, certain amount of the
catalyst solution was drop-casted onto a pre-cleaned glassy carbon (GC) rotating disk electrode

(0.196 cm?, Pine Instruments). The electrode was dried in atmosphere overnight before
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electrochemical test. Catalyst loading for OER tests is 100 pg/cm?, while the loading is 500
pg/cm? for non-Pt catalysts and 100 pg/cm? for Pt/C in ORR. The same loading was used in
rotating ring-disk electrode (RRDE), where the disk is 0.282 cm? glassy carbon and the ring is
0.126 cm? Pt (Pine Instruments). For kinetic comparison of optimized a-MnO, catalyst with
Pt/C, carbon fibre paper was used as the substrate with effective area of 0.5 cm?. 0-MnO, H-
250 and Pt/C were deposited on one side of carbon fibre paper with loading of 600 ug/cm? and

200 pg/cm?, respectively.

1.2 Electrochemical studies

Electrochemical tests were conducted on an Autolab PGSTAT 30 with a three-electrode
configuration. Specially designed glass-free cell (provided by Hangzhou Saiao
Electrochemical Technology Co., LTD) was used in all electrochemical tests to eliminate the
influence of glass components on the activity of catalysts.? Pt plate (1 cm?) was used as the
counter electrode only in the OER tests. Considering the significant dissolution of Pt at high
positive potential,* large area titanium plate (~ 8 cm?) was selected as the counter electrode in
ORR tests or for reference electrode calibration to avoid the contamination of electrolyte and
working electrodes. Saturated calomel electrode (SCE) was used as the reference electrode and
was calibrated with home-made reversible hydrogen electrode (RHE). Specifically, a pre-
cleaned Pt wire was used as the working electrode with Ti plate and SCE as counter and
reference electrode, respectively. The electrolyte is the same as that used in the following
electrochemical tests. After saturation of the electrolyte with ultrahigh purity H, (99.9995%,
from Air Liquid Singapore), 6 cyclic voltammetry (CV) scans at a low scan rate (1 mV/s) was
carried out in the potential range of hydrogen evolution/oxidation (typically from -1.2 V to -
0.8 V vs SCE). Once the CVs become stable, the potential under which the current switches

from positive to negative, or vice versa, is the RHE. To reduce the effects of impurities, high
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purity KOH (semiconductor grade, 99.99% trace metals basis, Siama-Aldrich) was used
throughout the electrochemical tests. The potential of SCE in 1 M KOH electrolyte was
calibrated to be 1.049 V vs RHE, consistent with 1.051 V vs RHE from the literature.’

The electrochemical tests were conducted at a rotating speed of 1600 rpm in 1 M KOH
electrolyte (pH = 13.72) to minimize mass transport limit. For RRDE tests, the potential of ring
working electrode was held at 1.15 V vs RHE, under which the current collection efficiency is
0.24.% All polarization curves were corrected by eliminating the iR drop in the electrical circuit.
Relatively low scan rate (1 mV/s) was employed to reduce the contribution of non-faradic

current to the current of polarization curves. The series resistance (Rs), mainly originated from

ionic conduction in the electrolyte, is in the range of 5.0 to 7.0 Q.

2 Detailed model descriptions

2.1 Scaling relation used for kinetic simulation

The intermediates in our kinetic model are kinetic-relevant reaction intermediates, which
should be distinguished from underpotential deposited species.”® Based on the definition of
equilibrium potential used in our kinetic model, the scaling relation needs to be modified to
well describe kinetics for multi-step irreversible reactions. Based on a number of experimental
results from both literature and our laboratory, we find the parameters in scaling relation!%-!!
that can well describe experimental trends.

AGOOH* - AGOH* =2.8eV (1)

AGy- = 1.65 * AGoy+ + 0.58 eV 2)
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2.2 Adsorption isotherm

If the adsorption step of a reactive intermediate is too much faster than the subsequent step,
the intermediate adsorption could be treated as in equilibrium step. Due to interaction among
the adsorbed intermediate, the adsorption free energy also varies with intermediate coverage,
especially at high coverage.!?

AG” = AG® + cO (3)
where 0 is dimensionless and ¢ describes the rate of change of adsorption free energy with
coverage, thus ¢ has the same unit as AG. This equation is a general description of intermediate
adsorption. When c is small enough (approaching 0), it becomes Langmuir adsorption isotherm;
when c¢ is significantly higher than 0, it becomes Temkin isotherm. The coverage of
intermediate can only be calculated by numerical methods for Temkin adsorption.

In our modeling of experimental kinetics, we first try the Langmuir adsorption isotherm. We
tend to adopt the result of Langmuir adsorption isotherm once we can get a satisfactory fitting
result with it. For the Temkin isotherm, it only exerts significant influence of kinetic curves
over the coverage range of 0.2 ~ 0.8, which corresponds to the potential range beyond the onset
potential. If the simulation results based on the Langmuir adsorption isotherm only show
significant deviation from experimental kinetics at relatively high coverage of intermediates,
we use the Temkin isotherm to peruse better fitting results. However, it should be noted that

using the two effects to simulate the same kinetics can return same energy profile.

2.3 Reaction rate law for OER

Since both OER and ORR are highly irreversible reactions, the back reaction of RDS is
neglected, while the rest steps remain in quasi-equilibrium. Here we use i = 1, 2, 3 referring to
RDS is the first, second, third electron-transfer (ET) step for OER. Besides, we use i = 1.5, 2.5
to describe the chemical reaction RDS between ET steps to formulate a general description.
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Our purpose of such naming for the chemical step is to give a general description of Tafel slope
for electron transfer steps and chemical steps (equation (4)). OER is a multi-electron transfer
process — four electrons transferred per O, generated. However, besides the electron transfer
step, purely chemical step (no electron transfer occurred) may also be involved in the catalytic
cycle. The chemical reactions are proposed to account for the typical Tafel slope of 60 mV/dec

or 30 mV/dec.!3

2.3 RT 60
T (m+a—-1DFT n+a

b — mV/dec “4)
According to previous kinetic analysis,!3-'# the step 1.5 and 2.5 probably refer to:
M—OH* + OH-2M—0~ + H,0 (n=15) (5)
M—0% + OH- 2M—00H™ (n=2.5) (6)
i =4 is least possible in OER, thus we ignore its kinetics here. The elementary steps of OER
and ORR are shown in Scheme S1:
For i = 1, the velocity of RDS is given by:
vy = kq Oy ag (7
where 6+ represents the surface coverage of empty catalytic sites, which is 1 for this case. ag
is the activity of reactant, which is OH- in alkaline and H,O in acid.
For i =2 and 3, velocity of RDS is given by:
vy = ko O+ agr (8)
v3 = k3 09+ ag )]
Bon+ and O+ represent the surface coverage of OH* and O*.
Fori=1.5and 2.5, velocity of RDS is given by:
V15 = k15 Oon- (10)
Va5 = k500" (11)
where k{5 and k; 5 are reaction rate constants for the chemical reaction. Different from the

reaction rate constants of ET steps, that for pure chemical reaction is independent on potential.
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From equation (10) and (11) we can understand that, for the catalysts whose RDS is chemical
reaction, the kinetics is only determined by the surface coverage of intermediates with a given
reaction rate constant.

For i = 1.5 and 2, the active sites are either empty or occupied by OH*.

Oy + 0o =1 (12)

Strictly speaking, only the sum of all adsorbed species and empty active sites amounts to 1.
However, the calculation would be very time-consuming if the relative coverage of O* and
OOH* are very small, while neglection of these species would not cause significant difference.
Therefore, this is a common approximation for the second step being RDS in OER, which is
for the ease of calculation.!? !> The sum coverage of M* and OH* equals to unity only apply
for cases where the second step as RDS, which is O* formation from OH*. For this situation,
the following steps (the generation and consumption of O* and OOH*) are fast. Under the
potential where OER could occur, all the steps become downbhill in energy (Figure 1). Since
the real concentration of dissolved O, is very low (on the order of 103 mol/L),'¢ the quantity
of O* and OOH* should be extremely low even under equilibrium with dissolved O,. Therefore,
the relative surface coverage can be neglected in kinetic analysis as kinetic equations are
described based on major species.!> 15 The validity of this approximation is also supported by
the recent work by Koper et al,'” who demonstrated that the dissolved O, in electrolyte has no
significant effect on the kinetics of OER catalysts except for the bubbles formation on
electrodes. The significant lower kinetics should be expected for OER catalysts in O, saturated

electrolyte if O* and OOH* occupy a significant coverage of active sites.
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Figure S1. Schematic energy diagram for a typical OER catalyst with second step as RDS and
PDS. The energy profile for electrochemical reactions are dependent on the applied potential.
Although under the potential of RHE all steps are uphill, all the steps except for RDS become
downhill under the applied potential reaching E°%ps. Therefore, two equilibrium will be formed:
one is between reactant with OH*, the other is between O*, OOH* and solved O, in electrolyte.
From the energetic aspect, the equilibrium favours OH* formation under OER working
potential but disfavours O* and OOH*. Moreover, from the concentration of reactant OH- or
H,O (for acidic and neutral OER) is above three orders higher than solved O,. Thus, the two
factors together would support our approximation.

Since adsorption of OH" is the equilibrium step, reaction (1) as shown in Scheme S1 is in

equilibrium.
0 F(E—E9 = c100 )
OH* e
— K9 RT
eM*aOH7 _Kle (13)

where KY is equilibrium constant of reaction (1) under the potential equals to EY. c; becomes
zero for Langmuir adsorption.

From equation (9) and (10) we can get:
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1

F(E—E9—cq0

901.[* == 1— (14)

)
OH
1+Kfe R

Since the right side of equation (14) also contains gy + for Temkin isotherm, the equation
can only be solved numerically.

Fori=2.5and 3,

Om+ + Oopr +0p-=1 (15)

Reaction (2) is also in equilibrium.

0 F(E—EY
0* —_
— 0 RT
= Kje 16

Bon * Aon - 2 ( )

and
FQE—EJ—EY
KiK3e  FT
Bo- = F(E—EY) F(2E —E9—E9) (17)

1+ K% R +KIKJe RT
For dissociative pathway, only the O, generation step is different from the associative
pathway. If the O, generation step is the RDS,
v3, = k3, 0> (18)
where k3, is the reaction rate constant and independent of potential due to no ET step. 8+ here

shares the same description as in the associative pathway.

2.4 Reaction rate law for ORR

The kinetic description of our model is shown in Scheme S1, where step (1) and (4) are key
steps that determine the kinetic fingerprint of ORR.!#-20 The fundamental difference of the two

mechanisms would result in different trend of the surface coverage of OH* with potential: 8¢ -
decreases with overpotential of ORR for the mechanism of Scheme S1 A, while 6y - increases

for the other mechanism.
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0,+H,0 +e M* OH 0,+H,0 +e M* OH
OH k_, OH J &_’
(1) (4) € (1) (4) €
M-OOH* M-OH* M-OOH* M-OH*
e w (2) (3) (a o e w ) 3) (» o
OH M-O* H,0 + e OH M-O” HO+e

Scheme 1. Reaction mechanism of ORR. (A) O, hydrogenation is RDS while OH*
reduction is in quasi-equilibrium. This mechanism is used to simulate the kinetics of Pt group
catalysts and the catalysts with weak surface reactivity. (58) OH* reduction is RDS while O,
hydrogenation is in quasi-equilibrium. This mechanism is mainly suitable for the
catalysts onto which oxygen intermediates adsorb too strongly (on the strong binding

leg of volcano plot).

For the mechanism as shown in Scheme S1 A, the velocity of overall reaction is described
as:
VYRR = [ RR 9y ), (19)
where ay, is the activity of dissolved O, in saturated electrolyte, which is dependent on type

of electrolyte and concentration. !

The rate constant is given by,

—aF(E—E;%
k?RR — k(l)RR,O xe RT (20)
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The surface coverage of active site M* is given by:

1

—F(E—E,0—co

21)

HM* —_—
oH*)

1+ Kle RT
For the mechanism as shown in Scheme S1 B, the velocity and surface coverage of OH* are
described as:
D§RR = KRR gy (22)
1

—FE—-E%

1+K3e FT

Oou-= 1— (23)

Our above kinetic model for ORR is based on the formally neutral intermediates. However,
another possible mechanism based on the charged intermediates (Scheme 2A) are also widely used
to account for the high ORR activity in alkaline media.?!?> A summarized comparison between the
charged and neutral intermediates mechanism I is shown in Scheme 2. Although the molecular structure
is different, the oxygen redox is almost the same for the two mechanisms. The major dispute lies in the
molecular structure of the intermediates, i.e., whether they are negatively charged (deprotonated form
of OOH* and OH*) or remain neutral. Regarding this issue, we think it maybe not strictly one way or
the other. The adsorption of the intermediates may result in a charge distribution between adsorbates
and substrate. Therefore, the intermediates are usually partially charged, such as OH% on gold.?* The
electronic structure of oxygen intermediates may differ on different catalysts due to the different
bonding strength. Therefore, in this work we would like to emphasize the formal oxidation state of
oxygen intermediates to visualize the oxygen redox involved in oxygen electrocatalysis. To emphasize
the uncertainty of electronic structure of oxygen intermediates, we gave a statement over this issue in
the figure caption. Therefore, we think the both forms should be acceptable as no solid evidences to

exclude neither situation.
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A 0 ) 2 B
0, +e M* OH )+ H ,0+e H
L—- OH L
H,O + e
_00 Charged intermediates - M-OOH* Neutral intermediates
" +’e& / ” —X / .
OH OH" H,0 + ¢

Scheme 2. Comparison of the reaction mechanism based on charged and neutral intermediates
of our work. (4) The mechanism of 4 e ORR based on charged intermediates. (B) The reaction

mechanism proposed in our original manuscript.

2.5 Current density

For both OER and ORR, the absolute value of steady state current density of the overall
reaction is described by:

Jer = 4Fv; (24)

The above formulation only considers pure kinetic limitation. When reaction rate increases,
mass transport limitation will become increasingly significant. The overall reaction rate is
proportional to the steady state current density (J) that can be readily measured by potentiostat
equipment. J is given by:

1

7= 26, T (25)

The simulated current should be positive for OER but negative for ORR due to electron-

transfer direction. Note: Jyr is constant at a given reaction condition such as reactant

concentration, active catalyst surface area and rotating rate for RDE tests.
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3 Details for kinetic simulation and modeling

3.1 Error analysis and experimental data criteria

As the electrochemical kinetics are influenced by both electronic and geometric
factors,2* here we give our definition of error bars in the adsorption energy obtained
from kinetic modeling. As shown in equation (26), the energy of intermediates in our
kinetic model, which are described by E?, are mainly determined by electronic factor.
The electronic factor can be influenced by defects and crystal facets. On the other
hand, the geometric factors such as particle size or morphology (providing such
variation do not cause difference of electronic change) influence kinetics by changing

kY. A kinetic simulation shown in Figure S1 visualizes the different influence of the two

different factors.

aF (E—E9)

k=Kl xe (26)
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Figure S2. Different influence of electronic and geometric factors on OER kinetics. (4,B)
Simulated LSVs and Tafel plots influenced by surface reactivity (electronic factor). Inset shows
the position of the simulated catalysts in the activity volcano plot. Hundreds of mV
overpotential change can be achieved by tuning surface reactivity. (C,D) Simulated LSVs and
Tafel plots influenced by improved surface area (geometric difference). The improved surface

area with one order of magnitude only reduces tens of mV reduction in overpotential.

As shown in Figure S2, the change of intermediates energetics gives rise to
distinctive fingerprints in kinetics, such as variation of Tafel slope and intermediates
coverage as a function of potential. On the contrary, pure geometric difference, which
results in different active surface area, can only influence the total current, instead of

TOF.
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Several parameters are involved in kinetic equations, which makes kinetic fitting very
difficult. In particular, in the kinetic equation, k% and EY; are coupled. However, some
parameters can be defined to correlate with kinetic fingerprints. One of the most obvious kinetic
fingerprints is the onset potential in the J-V curve. In our model, we take the onset potential as
the initial value of the equilibrium potential of RDS in iterative calculations. This definition
can be validated from the ideal case, where OER and ORR are reversible. Although the ideal
case does not exist, we can take it as a boundary condition. For the reversible oxygen catalyst,
E%(i=1,2,3,4)equals to 1.23 V. The sum of EY; of the four concerted electron transfer step
1s4.92 V. Significant Faradaic current will appear when applied potential is higher (lower) than
EY; for OER (ORR). When this definition extends to the irreversible situation, the irreversibility
in this model and many DFT calculations are rationalized by the mismatch of the E of
elementary steps, wherein the step with the highest thermodynamic barrier results in
overpotential.!0-11- 25-26 Therefore, based on this definition, when applied potential is higher
(lower) than E° of RDS in OER (ORR), significant Faradaic current appears. The reaction
intermediates described in our model are kinetic-relevant intermediates. Thus, significant
Faradaic current would emerge from the low coverage of the reactive intermediates for RDS.
Therefore, we use the onset potential for the formation of the intermediates to derive their
binding energies.

To enable the automatic fitting of experimental data using a programme, we must fix either
the value of £%; or E°;. To improve the accuracy of modeling, we fix the value of £ in kinetic
fitting as the value of k% can be estimated by electrochemical active surface area (ECSA). The
k% for IrO, is set as 10*10® s!, while the £; for other catalysts is obtained by normalized
ECSA. However, so far, we have not obtained experimental evidence to support our assumed
value of £%. The empirical value is necessary to fulfil the activity trend, similar with the

treatment of £° in Norkov’s paper.?’
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Since different catalysts have different surface areas, the k% values for catalysts with very
different surface areas may differ significantly. To address this issue, we use ECSA to estimate
k?; of different catalysts. The data determination of ECSA and results are shown in Figure S3

and Table 1.

) s

EEEEEEEEEE

Figure S3. The CV curves for the calculation of ECSA.
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Table 1. The determined ECSA and value of £9,.

Catalyst Capacitance / F cm k;
FeOOH 5.82E-05 2.01E-09
IrO, 0.00289 1.00E-07
Fe,O; 5.32E-05 1.84E-09
TiO, 4.54E-05 1.57E-09
MnO, 7.20E-05 2.49E-09
RuO, 4.48E-04 1.55E-08
FeCo 1.51E-04 5.24E-09
CoOOH 1.70E-04 5.89E-09
NiOOH 2.39E-04 8.28E-09
Co304 9.00E-05 3.11E-09
NiFe 1.62E-04 5.60E-09
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3.2 Kinetic simulation

Here we provide details of the simulation results for different cases.

A — B
a=0.5; 2.0 - :
| K =2710° ng
w 1.8
I
14
n 1.6
™~ >
Increase OH* g <
binding strength \U 2‘ 14+
E w
N 1.2}
= E)=1.8;
—é;i: 1.0+ k? = 2%10®

£ o ~s e

Log(J/A cm?)

Figure S4. Influence of OER kinetics by key factors (i = 1). (4) Influence of equilibrium
potential (£,°). In this case, the surface reactivity is too low to adsorb OH*. Therefore,
increasing OH* bonding strength on such catalyst should be an effective way to reduce
overpotential. (B) Influence of transfer coefficient on Tafel plots. Transfer coefficient has a
significant influence on Tafel slope and thus overpotential. Therefore, for such catalysts, Tafel
slope may deviate greatly from the typical value of 120 mV/dec (see the example of TiO, in

our previous work!).
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LSV curves of OER catalysts. (B) Simulated LSV curves of the catalysts as shown in the

volcano plot. (C) Tafel plots. (D) Variation of Oy« as a function of potential.
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Figure S6. Kinetic modeling of OER kinetics (i = 3). (4, B, C) Simulated LSV curve, surface
coverage of intermediates and Tafel plot. (D, E, F) Modeling of kinetics of NiFe catalysts

reported by Strasser et al.?
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Figure S7. Kinetic modeling of OER kinetics for chemical reaction as the RDS (i = 1.5, 2.5).
(4, B, C) Simulated LSV curve, OH* coverage and Tafel plot for n = 1.5 (the chemical reaction
after OH* generation). (4, B, C) Simulated LSV curve, OH* coverage and Tafel plot for i =

2.5 (the chemical reaction after O* formation).
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Figure S8. Kinetic modeling of ORR catalysts as shown in the volcano plot. (4) Simulated
LSV curves. (B) Simulated Tafel plots. Simulated LSV curves and Tafel plots for the catalysts
on the right side of volcano plot well reproduce the basic features commonly observed in
experimental data: the polarization is serious due to high Tafel slope, such as Au, Ag and many
metal oxides. Whereas, for the catalysts on the left side, the Tafel slope is relatively smaller,
which is consistent with the data reported in literature that typical Tafel slopes (40~60 mV/dec)

for Pt, Pd based catalysts are at low overpotential.
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3.3 Kinetic modeling of catalysts
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Figure S9. Kinetic modeling of OER kinetics of perovskite oxides from literature.?> LaMnOs
and its doped oxides all show high Tafel slope and poor OER activity, which may be resulted
from both too weak and too strong binding energy. The conclusive assignment of surface
reactivity needs to take consideration of their kinetics in ORR. As we discussed in the main
text, the catalysts belong to weak binding side of OER volcano plot tend to show very poor
ORR activity, whereas the strong binding OER catalysts can show relatively good ORR activity.
The kinetic feature in OER and ORR fit the latter case and thus are assigned to the strong
binding leg in activity volcano plot (Figure 3 in main text).

In our modeling of experimental kinetics, we take the onset potential as the initial value of E%pg,
while the range for the optimization of E%pg is restricted within 100 mV of the onset potential. In the
procedure of kinetic modeling, the best fitting is defined as the smallest r.m.s. error of [log(Jing) -
log(Jexp)]- The selected experimental data for fitting should consist of mainly Faradaic current, thus the
capacitance charging current should be minimized or reduced. Therefore, the steady state J-V curve
(converted to log(J) vs E) is preferable. Since oxygen electrocatalysis is very irreversible, the data
falling in the potential range where no Faradaic current appears is omitted in the kinetic fitting.

Considering the scaling relationship of oxygen binding energies, the potential range choose for fitting

is summarized in Table 2. A small potential range overlap is used to account for the possible error in

experimental tests and fitting.
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Table 2. Potential range used in modeling for different step being RDS.

Reaction RDS E’% (V) E% (V) E% (V)

i=1 1.62 ~2.10 - -

OER i=2 1.23 ~ 1.67 1.38 ~1.70 -
i=3 0.28 ~1.30 0.70 ~1.41 1.41~2.10
RDS E% (V) E% (V)
i=1 0~1.06 1.06 ~2.12

ORR
i=4 1.06 ~2.12 0~1.06
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The following figures (not numbered) show the fitting results analysis by origin pro
programme. The uncertainty (sensitivity analysis) of the kinetic parameters are provided in

each figure.
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Figure S10. Kinetic modeling of Fe, N doped carbon catalysts in ORR. (4) PANI-Fe-C catalyst

from ref.?. (B) AT Fe/N/C catalyst from ref.3°.

Table 3. Fitting results for OER catalysts.

Catalyst E% (V) E% (V) E% (V) E% (V) AGo+ (eV)
Co30, 1.50 1.56 1.25 0.62 3.06
IrO, 1.24 1.34 1.46 0.88 2.58
NiFe 1.32 1.42 1.49 0.88 2.74
RuO, 1.30 1.43 1.38 0.82 2.73
MnO, 1.16 1.27 1.53 0.96 2.49
TiO, 1.91 1.83 0.97 0.20 3.75
Fe,0; 1.83 1.80 1.00 0.24 3.68
NiOOH 1.32 1.30 1.63 1.22 2.07
CoOOH 1.48 1.54 1.26 0.64 3.02
FeOOH 1.71 1.69 1.12 0.42 3.39
MnOOH 0.76 1.07 1.73 1.36 1.83
CoFe 1.35 1.44 1.50 0.62 2.79
LaMnOs 0.62 0.98 1.82 1.50 1.60
LagSro.4sMnO; 0.74 1.06 1.74 1.38 1.80
Lay »CagsMnO; 0.72 1.05 1.75 1.40 1.77
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LaNiO; 1.34 1.45 1.35 0.78 2.79
LaCoOs 1.60 1.62 1.18 0.52 3.22
Lag 6Sr94C00; 1.44 1.52 1.28 0.68 2.96
Lag 7S 3FeO; 1.70 1.69 1.12 0.42 3.39
Lag 5S1rgsCo0; 1.64 1.65 1.15 0.48 3.29
LaVO, 1.82 1.76 1.04 0.30 3.58
SrVO; 1.86 1.79 1.01 0.26 3.65
Table 4. Fitting results for ORR catalysts.
Catalyst E% (V) E'% (V) AGo-(eV)

Pt(111) 0.98 +0.015 2.14+0.015 2.2+0.022

Pt;Ni(111) 1.06 £ 0.012 1.06 £ 0.012 2.32+0.017

Pt;Sc 1.02+0.015 2.10+0.015 2.26 £0.030

Pt;Y 1.05+0.010 2.07+0.010 2.31 +£0.020

Ag(110) 1.31 £ 0.020 0.81 +0.020 2.74 £0.023

Fe/N/C 1.18 £ 0.027 0.94 +0.027 2.54+0.070

Fe/N/C 1.12 +0.027 1.00 +0.027 2.40 £0.070

PANI-Fe-C 1.19 +0.020 0.93 +0.020 2.55+0.080

Au 1.18 £0.020 0.94 + 0.020 3.55+£0.100

Au/C 1.27 +0.020 0.85+0.020 2.69 +£0.070

N-G 1.18 £0.035 0.94 £0.035 2.5 +£0.060

N-G 1.52 +0.040 0.6 £0.040 3.1+0.120

N-GRW 1.20 + 0.040 0.92 +0.040 2.48 +£0.085

Note: The modeling results of the catalysts in acid are shown in pink colour, while that in base

are shown in black colour.
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3.4 The procedure of drawing energy profile based on modeling results

As depicted in Figure 6, there exists a mathematical relationship between extracted potential
(E) with the binding energies of oxygen intermediates. With extracted potential we can
directly obtain the binding energies of intermediates before (and include) RDS. With the help
of the scaling relationship, we can estimate the binding energies of the remaining intermediates.
Therefore, we can depict the reaction energy profile with the energetics of oxygen
intermediates. In Figure 3B, we draw our energy diagram based on that the applied potential

equals to RHE, thus the total free energy is 4.92 eV for the formation of a O, molecule.

AGoy+ =eEY (27)
AGy- =e(EY+EY) (28)
AGoon+ = e(E+ ES+EY) (29)

Where e is the elementary charge in positive value.

5
I 0O
E=0V vs RHE OOH 1E2

4l
S 3l —
3 ":
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Figure S11. Schematic diagram of the relation between equilibrium potential with potential

energy diagram under the applied potential equals to RHE.
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Table 5. Comparison between our kinetic model with the model from literature.

Quantitative Definition of

. . . . . Representati
interpretation of intermediates adsorption ves
electrochemical data energy
B.E.
Classic kinetic v % Conway,
model N.M.
Markovic
DFT X 4 J.K. Norskov
Our model 4 4

Compared with the models summarized above, the major advancement of our model is that
we adopt the advantages of the key concepts from the two different approaches to study the
energetic origin of intrinsic activity over different catalysts. Therefore, one important
application of our kinetic model is to extract intermediate bonding energies through modeling

experimental kinetics.
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4 Supplementary Figures
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Figure S12. Predicted and experimental ORR activity of common transition metal oxides. (A4)

Predicted ORR activity from OER activity volcano plot. The intersection points for all TMOs

are located on the right leg of ORR activity volcano plot, indicating that the RDS of TMOs in

ORR should be the activation of O,. Therefore, the higher the surface reactivity is, the higher

catalytic activity in ORR. (B) Measured ORR kinetics. The activity increases in the order of

Fe,0; < Co3;04 < RuO, < a-MnO,, consistent with the predication from our model. The current

density for Fe,0; is significantly contributed from glassy carbon electrode as the activity of

Fe,0; is very poor.
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Figure S13. Distinguishing RDS and PDS in OER for first ET step as RDS. (4) Schematic
energy profile for different binding energy of OH*. If RDS is the same as PDS, the binding of
OH* is weak, thus the coverage of OH* would be very low. On the contrary, if second ET step
is PDS, the relatively strong binding of OH* would result in significant coverage of OH*.
Therefore, one can use this difference to distinguish whether RDS is PDS. (B) CV curve of
Fe,O; in 1 M KOH. Scan rate: 50 mV/s. No reduction peak can be observed in reverse scan
(towards negative potential), suggesting low possibility of OH* adsorption. (C) Detecting
reactive OH* by methanol (MeOH). Our recent work demonstrates that the OH* generated in
OER is electrophile, which can oxidize nucleophiles, such as alcohol molecules. No significant
difference in LSV curve can be observed after adding methanol, indicating second ET step is

not PDS. The results from CV and methanol detection method are consistent with each other.
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Figure S14. (4) TPR spectrum of MnO,. Insets show the high-resolution transmission electron

microscopy (HRTEM) images of original MnO, and after calcination at 250 °C in 5% Hy/Ar

for 0.5 h, respectively. The bulk and surface structure well remained after treatment. The

ramping temperature of both TPR and TPO is 20 °C/min. (B) XRD patterns of MnO, with

varying density of surface Mncys. The samples are named with treatment environment and

temperature. A and H represent the samples annealed in air and 5% H,/Ar, respectively, and

numbers are the treatment temperature. (C) Mn 2p spectra of MnO,. The increase trend of Mn3*

is indicated by the arrow. (D) O 1s spectra of MnO,. Dissociative adsorbed water (OH,qs) is

shown by the arrow. Surface reactivity of MnO, after thermal treatment in reductive

atmosphere has been increased.
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Figure S15. Kinetic comparison between the optimized catalyst with the state-of-the-art

catalysts in ORR. (4) LSV of optimized MnO, and Pt/C in ORR. (B) Tafel plots of optimized

MnQO; and Pt/C in ORR. (C) RRDE tests of optimized MnO, and Pt/C in ORR. (D) Calculated

electron-transfer number of the optimized MnO, and Pt/C in ORR. Scan rate for all LSV and

RRDE tests: 5 mV/s.

Besides the apparent kinetics shown in Figure 5 and S12, here we present the kinetic current

density normalized to the active surface area in Figure S13, which verifies the intrinsic

excellent activity of optimized MnO, in ORR.
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Figure S16. Activity comparison between MnO, with Pt/C in ORR. (4) Typical CV curves for
derive electrochemical active surface area. As MnQO, is non-precious material, the catalyst
loading (500 pg/cm?) is higher than Pt/C (500 pg/cm?). However, the specific surface area of
MnO, is lower than Pt. The calculated ratio of the surface area is 1.2 for MnO, to Pt/C. (B)

Comparison of kinetic current density corrected by surface area.
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