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S1 Determination of potential of zero charge
for Ru@Pt/C in HC1O, and H,SO,

Fig. S.1 shows the result of the CO-charge displacement technique mea-
surement of Ru@Pt/C in 0.1 mol dm™— HCIO,. As can be seen, the current
peaks go from being predominantly positive to being predominantly nega-
tive with increasing potential. Net charges for the different potentials were
obtained by integration of the currents from the point of admission of CO
to the cell until the point at which the current had again reached a stable
value. The current prior to the admission of CO systematically decreased
with decreasing potential. However, in 0.5 mol dm— H,SO, we found the
misalignment to be negligible at any potential in 0.5 mol dm~3 H,SO, dur-
ing similar experiments, Fig. S.2. The small cathodic currents at Ru@QPt at
low potential in the perchloric acid solutions are possibly due to reduction
of perchlorate [3, 7, 9]. To eliminate the effect of these, the integration was
performed after subtraction of a (linear) sloped baseline from the current just
prior to admission of the CO to the stable value of the current obtained after
all transients due to the CO admission had decayed in perchlorate solutions.
We observed no misalignment in our measurements for Pt/C in perchloric
acid at any potential, indicating that any perchlorate reduction at Ru@Pt
would be catalytic in nature.

Fig. S.3 presents the integrated charges plotted versus the applied poten-
tial in 0.1 mol dm~3 HC1O, with a fitted straight line; we use the convention
that y is plotted versus x. We estimate the PZTC-value for Ru@Pt/C to
be 0.14 V vs. RHE from the intercept of the line with the potential axis.
This value lies between the reported PZTC-values for Pt/C and PtRu/C in
0.1 mol dm™? HCIO, solutions, which are 0.27 V[12] and 0.042 V[8] vs. RHE,
respectively. Note also that the PZTC can be determined from one single
value of the displacement charge alone, for example that at 0.18 V in HCIO,
for which the misalignment is minimal, and the cyclic voltammogram [11, 6].
This gives a similar value for the PZTC to that obtained by the interpolation
procedure in Fig. S.3.

Fig. S.4 compares the charge integrated from the CV with the charges
measured by displacement. The slope from the voltammogram is slightly
larger than that of the displacement charge. Overall the agreement is good,
however.

Displacement charges were also measured in sulfuric acid. A plot of dis-



placed charges in 0.5 mol dm~> H,SO, as a function of potential is shown
in Fig. S.5. This plot indicates a slightly higher value for the PZTC than
in perchloric acid (approximately 0.16 V), but still substantially lower than
those for Pt in sulfuric acid (by approximately 150 mV [14]).

Fig. S.6 shows a voltammogram for Ru@Pt in 0.5 mol dm™—* H,SO,. The
voltammetric charge from the voltammograms are compared to the charge
from the displacement measurements in Fig. S.7. The displacement charges
and those from the voltammograms are again quite close for both sweep rates.

Fig. S.7 shows the charge obtained by integration of the voltammogram
for Ru@Pt in 0.5 mol dm~3 H,SO,.

S2 Cyclic voltammograms in HC1O, normalised
with respect to CO-stripping charge

Cyclic voltammograms for Ru@Pt/C and Pt/C normalised with respect to
the CO-stripping charge are shown in Fig. S.8.

S3 PZTC vs. PZFC in the presence of two
adsorption processes

The displacement charge is
Qa(E) =—0(E)+ FT'y (E) — FTon (E) (5.1)
We consider the reactions determining the last two terms in Eq. (S.1) to be

H,0({)+ 0. = OH,, +H"(aq) + e (Pt) (S.2)
H*(aq) + e (Pt) + O.a = Hy (S.3)
in perchloric acid, where [,q is a vacant catalyst surface site. We assume

that the potential is measured with respect to a reversible hydrogen electrode
(RHE), at which

H*(aq) + e~ (Pt) = %HQ(g) (S.4)



Thus we may write cell reactions corresponding to Egs. (S.2) through (S.4)

1
HyO(0) + Ooq +e7(Pt) = OHyq + 5Ha(g) +e7(Pt)  (5.5)

1
SHy(g) + Dg +¢™(Pt) = e (PY) +Hyg (S.6)
For Eq. (S.5)
- N 1. ~ N
flo = fle = fion + 5jtn; — [0 — fic (S.7)

or upon expansion of the electrochemical potentials

FE = F (¢p — ¢py) = fion — fim,0 — fin =
:AG&{+RTm{%E}

an

0
_ 0 OH
= AGOH + RT'In {—1 T 90H} (S.8)

if iy, = 0 (and unit activity of H"), ag,0 = 1, and with
AGow = Hou — M?{Qo — 1t (5.9)

For Eq. (S.6) we obtain in a similar fashion

_ ~ 1. N N
fle — e = fim, + iy — fin (S.10)

~ ~ a
FE = F(¢Pt — ¢Pt/) = ug — Mg = —AG% +RT1H{—D}

ay

:—AG%+RTm{lZ£%§&E} (S.11)

again if 4%y = 0 (and unit activity of H"), ag,0 = 1, and with
AGy = iy — ity (S.12)
Adding Egs. (S.8) and (S.11) gives

@E*:@m{ZFE—{—AG%+AG&ﬂ}
O RT

(S.13)



Combining Egs. (S.8), (S.11) and (S.13) gives upon rearrangement,
1

—AGO 2FE—|—-AGY%+AGY
eXP{—FER—ATGOH}—i-eXp{— | T OH]}+1

fou = (S.14)

and
1

0 2FE—[~AGY +AGY
exp {FEJTQGH} + exp { [ T u] } +1

Literature results indicate that AGY and AGYy vary with the degree of
coverage [15, 10, 2, 5], but for the purposes here we may neglect these. The
displacement charge may be calculated from Egs. (S.14) and (S.15)
qd Cq (E — Epzrc) Lon
= - + O —

FT'y FT'y FT'y
where we have assumed a constant differential capacitance Cq of the elec-
trode.

Fig. S.9 shows a simulated displacement charge along with the true double-
layer charge for a set of parameters for which the two adsorption processes
overlap. Clearly, extrapolation of the displacement charge from the linear
portion above the PZTC will not give the correct PZFC.

Fig. S.10 shows a simulated displacement charge similar to that in Fig. S.9
but with a stronger binding of OH to the surface, i.e. with a lower value
for AGon, AGou/RT = 2. All the other parameters were kept the same.
Clearly, the displacement charge curve crosses the abscissa at a lower poten-
tial and thus displays a lower PZTC.

Oy =

(S.15)

fon (S.16)

S4 Impedance analysis in the pseudo-capacitive
potential range

The impedance was fitted to model circuits to show that impedance data

comply qualitatively with the behaviour expected for adsorption processes,

whereas they do not comply with simple double layer charging even in the

qualitative sense. We therefore fitted the data by minimisation of the object
function

x* =D {[ReCi = ReCy (ju)I” + [ImC; — ImCpn (o))"} (S.17)

5



where ReC; is the real part of the complex capacitance for angular frequency
w;, ReC,, (jw;) is the corresponding calculated result from the model circuit,
ImC; is the imaginary part of the complex capacitance for angular frequency
wi, and I'mC,, (jw;) is the corresponding calculated result from the model
circuit. All data were fitted after subtraction of the series resistance.

A fit of the complex capacitance data to a simple capacitance gives a
single point on the real axis in the complex-capacitance plane. For the data
in Fig. 3 in the main article this value is 3 x 107 F.

A fit of the series-resistance subtracted complex-capacitance data to the
following circuit

}7

Equivalent circuit I

is presented in Fig. S.11.

As can be seen from the figure, the model gives a single arc in the complex-
capacitance plot, whereas the data indicate at least two. We therefore also
fitted the data to the following circuit,

/|
I

Equivalent circuit II

The result is presented in Fig. S.12 The fit improves, although refinements
are obviously possible. This will not be pursued here, since the main objec-
tive has been to demonstrate that the circuits needed to represent the data
are more complex than that corresponding to a simple double-layer, and do
resemble those for faradaic adsorption processes at electrodes [4, 18]. Similar
results were also obtained at 0.4 V.



S4.1 Adsorbate binding energy and electrocatalytic ac-
tivity
To demonstrate the relation between binding energy of the adsorbate and

electrocatalytic activity we use the reaction mechanism proposed by Ngrskov
and co-workers[13, 16]

1
502 + Dad — Oad (SlS)
Oaa+HT +e~ — OHy (S.19)
HOu +H" +e — H,O (S.20)

where [,q is a vacant catalyst surface site. We assume an interdependence
between the binding energies for OH and O, Eoy and Eg, respectively as
expressed through the scaling relation Eop = 0.50Eq + 0.05 [16]. Fig. S.13
shows the free energies of surface adsorbates for 1.23 V vs. RHE for the ORR
for Pt and for a catalyst assuming a 40 kJ mol™" (0.4 eV) decrease in the
free energy of OH_4. The reaction step that determines the onset potential,
the potential-determining step, for the ORR is the step with the largest
uphill difference in AG [16, 13, 17]. For Pt, step (S.19) is thus obviously
the potential-determining step, Fig. S.13. For a catalyst at which OH is
more strongly bound to the surface the onset potential clearly increases with
respect to that of platinum, in this case by some tenths of an electronvolt,
corresponding approximately to the difference between Pt and Ru@Pt in the
onset potential for the ORR in Fig. 4. The prediction from the assumption
that the lower PZTC implies a more strongly bound OH is therefore that the
Ru@Pt/C catalysts are inferior to the Pt/C for the ORR, in line with the
experimental results.
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Figure S.1: CO-charge displacement currents for Ru@Pt/C at the given po-
tential values in 0.1 mol dm—® HCIO, at 1000 rpm rotation.
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Figure S.2: CO-charge displacement currents for Ru@Pt/C at the given po-
tential values in 0.5 mol dm™— H,SO, at 1000 rpm rotation.
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Figure S.3: Integrated charge values from the CO-charge displacement peaks
vs. the applied potential in 0.1 mol dm~2 HCIO,.
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Figure S.4: Charge integrated through Eq. (2) in the main article from the

voltammogram in Fig. 2b (line) and CO-charge displacement peaks (o) vs.
the applied potential in 0.1 mol dm~2 HCIO,. (The figure shows the negative

of the charge from the voltammogram [1].)
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Figure S.5: Integrated charge values from the CO-charge displacement peaks
vs. the applied potential in 0.5 mol dm~— H,SO,.
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Figure S.6: Cyclic voltammogram for Ru@Pt recorded at 100 mV s™! in
0.5 mol dm— H,SO,. The charge integrated through Eq. (2) in the main
article is also shown in he figure.
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Figure S.7: Charge integrated through Eq. (2) in the main article from
the voltammogram in Fig. S.6 recorded at 100 mV s~! and a voltammogram
recorded at 100 mV s™! for Ru@Pt in 0.5 mol dm—2 H,SO,. (The charge from
the voltammogram is shown with a negative sign.) Displacement charges
from the CO-charge displacement measurements are included.

16



3.0

- 30
2.0 -
- 20
-~ 1.0 A 3
S - 10 N8
N
& 5
(&] E o <
2 0.0 0 )
E E
= 1.0 10 o
- -20
-2.0 +
Current
—— Charge | -30
-3-0 T T T T T
0.0 0.2 04 0.6 0.8 1.0 1.2
E vs. RHE (V)
(a)
3.0
- 40
2.0
~ 1.0 - r 20 A8
N © N
g 0.0 ~ 0 g
< O
£ £
= -1.0 1 o O
Current
—— Charge
-2.0 -
- -40
_3-0 T T T T T
0.0 0.2 04 0.6 0.8 1.0 1.2
E vs. RHE (V)

(b)

Figure S.8: 8(a) Cyclic voltammogram of Pt/C in 0.1 mol dm~3 HCIO,(aq)
at a sweep rate of 10 mV s™!, 8(b) Cyclic voltammogram of Ru@Pt/C in
0.1 mol dm™ HCIO,(aq) at a sweep rate of 10 mV s™!. The voltammetric
charge Qcv as calculated from Eq. (2) is shown for both voltammograms.
The data were normalised with respect to CO-stripping charge.
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Figure S.11: Complex capacitance plot of a Ru@Pt/C catalyst at 0.5 V vs.
RHE in 0.1 mol dm— HCIO,. The ohmic resistance was evaluated from the
corresponding impedance-plane plot and subtracted from the data before cal-
culating the complex capacitance. The dashed line shows a fit to Equivalent
circuit I
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Figure S.12: Complex capacitance plot of a Ru@Pt/C catalyst at 0.5 V vs.
RHE in 0.1 mol dm— HCIO,. The ohmic resistance was evaluated from the
corresponding impedance-plane plot and subtracted from the data before cal-
culating the complex capacitance. The dashed line shows a fit to Equivalent
circuit II.
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Figure S.13: Free energy diagram for the different reaction steps of the ORR
at 1.23 V vs. RHE.
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