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Supplementary Note 1:

The effect of alkali metal cations toward 4e™-ORR on Pt and carbon catalysts have been previously
studied in different pH electrolytes through rotating ring-disk electrode (RRDE)**. We believe the
local environment at the catalyst surface in RRDE does not reflect the real reaction condition. First,
RRDE is usually operated with strong agitation, which could disturb the alkali metal cation/proton
distribution in the near-electrode layer, especially when the agitation force is stronger than the
electrostatic force between catalysts and cations. Second, the steady-state surface concentration of
H>0> near the electrode of RRDE is low due to efficient electrolyte flush to the electrode surface,
thus the further H20. reduction could be minimized, which is different from that of practical

operation®®
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Figure S1. Photo of a flow cell electrolyzer. The two outmost titanium plates serve as current
collectors. Two PTFE plates, separated by a Nafion-117 PEM, are placed in the middle as an
electrode holder and flow channel of electrolyte with a channel size of 0.5 cm x 2 cm. The effective
geometric electrode area is confined to be 1 cm?. A saturated calomel reference electrode (SCE) is
connected to the cathode channel. The gas flow rate is controlled to be 30 sccm by a mass flow
meter (MFC) at cathode side and the liquid flow rate in the anode side is maintained at 1.8 mL

mint by syringe pumps.
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Figure S2. Characterization of conductive carbon-black BP2000 catalyst. (a) SEM image and

(b) BET surface area analysis of BP2000 catalyst. The results show that BP2000 has a high surface

area (1405.762 m?/g) and the catalyst layer on the GDL is highly porous, both of which are

beneficial for O, diffusion during the oxygen reduction reaction (ORR) process.
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Figure S3. FE of H20. production through 2e-ORR in a flow cell using 0.1 M H2SO4 + 0.2 M

Na>S0s as catholyte.



100 4 [ 10.1 MH,SO, (pH = 0.96)
[ 1H,S0,+ 0.1 M Na,SO, (pH = 0.96) 1 o 1 _
'
80 -] I — A
| — _

- _
& 1 i
Lu
L

40 H

20

0 ( [ =

O R B O & S & & & & O
O A I A O

jtotal (mA Cm_z)

Figure S4. The Na* effect toward the H2O; selectivity by using H2SO4 or H2SO4 + 0.1 M Na2SO4
with the same pH value as electrolyte. The pH of the 0.1 M H2SO4 + 0.1 M NazSO4 (original pH
= 1.13) was adjusted to be same as 0.1 M H>SO4 (pH = 0.96) by using concentrated H>SOs. Even
though the two solutions have the same pH value, the H20: selectivity using Na* as additive is still
much higher than that of neat H.SO4, indicating that the Na* additive, rather than the bulk solution
pH, play a key role in determining the H>O- selectivity. The Na* cations are supposed to modify

the local environment of the catalyst surface during ORR.
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Figure S5. The pH effect of bulk solution toward the selectivity of H.O> production. Two kinds
of electrolytes containing H2SO4 + 0.1 M Na2SO4 with different pH were evaluated. The error bars
represent two independent tests. For 0.1 M H2SO4 and 0.1 M H2SO4 + 0.1 M NaxSOs, the pH value
is 0.96 and 1.13, respectively. One of the 0.1 M H2SO4 + 0.1 M NazSO4 electrolyte was adjusted
to give a pH value of 0.96, same as 0.1 M H2SO4 (pH = 0.96), by using concentrated H>SO4. Both
electrolytes have the same Na* concentration but different pH of bulk solution. The similar H20;
FE using the two electrolytes indicates that the slightly pH changes of the bulk solution by salt
additives (e.g., Na2SOa) in our work has negligible effect on the selectivity of electrogenerated

H20, through 2e-ORR.
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Figure S6: (a) The I-V curve and (b) corresponding FE of H20- production through 2e-ORR in
a flow cell by using 0.2 M H2SO4 + 0.1 M Na2SOs as catholyte. With the presence of 0.1 M Na2SO4
as additive, the carbon catalyst BP2000 can drive the 2e-ORR up to 1000 mA cm? while

maintaining 65% H20- selectivity. The error bars represent two independent tests.
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Figure S7. FE of H202 production through 2e-ORR in a flow cell by using 1 M H2SO4 + 0.5 M
Na>S0s as catholyte. The H>O> selectivity of carbon black BP 2000 catalyst at 1 M H>SO4 shows
relatively good (~70%) selectivity under small current regions, but decreases dramatically at high
current densities, reaching only ~15 % at 1,000 mA cm. However, when we introduced 0.5 M
Na>S04 additive in 1 M H2SOg4 as the electrolyte, the H2O> selectivity was significantly improved,
especially under high current densities. The Na* additive helped the carbon black catalyst to hold
a high H20; selectivity plateau of ~ 50% until 1,000 mA cm, suggesting a more than triple FE
compared to that in pure 1 M H2SO4. The above observation is similar to what we observed using
0.1 M H2SO: as electrolyte, indicating this is a general phenomenon by using cations to promote
the H20> production in strong acidic conditions.
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Figure S8. The influence of Na* at anolyte on the H202 production through ORR in a flow

cell. (&) The I-V curve and (b) corresponding FE of H>O> in flow cell by using anolyte containing
Na" (0.1 M NazSO4 or 0.1 M H2SO4 + 0.1 M Na2S0a). The (1) in Fig. S8b indicate the anolyte is
0.1 M NaxSOs, and (2) in Fig. S8b indicate the anolyte is 0.1 M H2SO4 + 0.1 M Na SOa.

For the traditional electrocatalytic ORR process using flow cell configuration, Na>SOg is widely

used as the anolyte to balance the electrochemical reaction. However, we found that the Na* in the

anolyte can easily penetrate the PEM and move to the cathode in the flow cell, greatly influencing

the ORR performance at the cathode. The cross-over Na* can greatly improve the 2e” selectivity

for producing H2O2 while inhibiting the 4e™ process for producing H20. Therefore, for evaluation

of the performance of the ORR process through flow cell, it is suggested to use the same solution

at anode and cathode during the electrolysis.
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Figure S9. The FEs of H20- production through 2e-ORR in a flow cell by using 0.1 M H2SO4 +
0.01 M MgSQq, 0.1 M H2SO4 + 0.01 M CaSOq, 0.1 M H2SO4 + 0.01 M Alx(SO4)s as catholyte,
respectively. The inset picture is the carbon electrode after testing using 0.1 M H2SO4 + 0.01 M

MgSOs as electrolyte. The white powders are deposited on the surface of the electrode.
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Figure S10. Characterization of carbon nanotube (CNT) catalyst. (a) SEM image and (b) BET
surface area analysis of CNT.
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Figure S11. Characterization of Vulcan XC-72 catalyst. (a) SEM image and (b) BET surface area
analysis of Vulcan XC-72 catalyst.



Figure S12. SEM image of rGO catalyst on GDL.
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Figure S13. (a) The I-V curve and (b) FE of H202 production through 2e™-ORR in 0.1 M HCIO4
with/without 0.005 M NaClO4. The Na* effect toward 2e-ORR in HCIO4 show a similar trend
with that in H2SOas, indicating the broad applicability of alkali metal cations for producing H20>
in acid through ORR.
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Figure S14. (a) The I-V curve and (b) FE of H20> production through 2e"-ORR in 0.1 M H2SO4
by using NaHSO4 and Na>SO4 as additives.
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Figure S15. The FE of Hz production during ORR with/without alkali metal cations (Na*, Cs") as
additives. The amount of Hz produced was detected by GC. As shown in Figure S15, the H, amount
are quite low, even at high current densities (low negative potential), indicating that the
electrochemical process still proceeds through the ORR process. Therefore, in our theoretical
simulation, we did not consider the HER process. In addition, it is clear that with the presence of
cations (Na*, Cs*), the amount of H, produced is under the detection limit of the GC and the H:
production through HER is inhibited.



Figure S16. Representative periodic model for modelling cation/proton distribution under Vrre =
-1V. Na® is in purple, proton is in cyan, O atoms are in red, and all other hydrogen atoms are in

white.
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Figure S17. (a-c) Initial state, transition state and final state of the H,O> decomposition in acid

solution. C: grey; O: red; H: white; Proton: cyan.



Figure S18. Final structure of the electrical double layer of water with Mg?* and 2H* under Vrue
= -1V after running AIMD for more than 4 picoseconds. The H is colored with cyan while the Mg
is colored with green.
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Figure S19. The FE of H20. dissociation in an H-cell at different current densities. The
concentration of H.O> is 0.2 M. The electrolyte is the mixture of 0.1 M H2SO4 + 0.2 M H20>
solution. 0.05 M Na2SO4 or 0.05 M Cs,SO4 were incorporated into the electrolyte as alkali metal
cation additives. 1 represents the reaction in the electrolyte without alkali metal cations, 2
represents the reaction in the electrolyte with Na* as additive, and 3 represents the reaction in the

electrolyte with Cs* as additive.

During the H2O> dissociation process, there are two electrochemical reactions at the cathode:
H.0, + 2"+ 2H" =2H,0 (1)
2H" +2e = H> 2

It is clear from Fig. S19 that the total FE of the two reactions, i.e., H2O> dissociation (equation 1)
and hydrogen evolution (equation 2), is close to 100 %. Therefore, we can calculate the partial
current density of H2O; dissociation at the cathode through the exact measurement of H, formed

during the H2O> dissociation process.
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Figure S20. (a) The overall current density of H20> dissociation as a function of voltage in 0.1 M
H2SO4 electrolyte. (b) The partial current density of H> production at the cathode as a function of

voltage in 0.1 M H,SOq electrolyte. The measured potentials were manually 100% compensated.
The error bars represent two independent tests.
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Figure S21. (a) The overall current density of H.O> dissociation as a function of voltage in 0.1 M
H2S04 + 0.05 M NaxSOs4 electrolyte. (b) The partial current density of H> production at the cathode
as a function of voltage in 0.1 M H2SO4 + 0.05 M NaSO;4 electrolyte. The measured potentials

were manually 100% compensated. The error bars represent two independent tests.
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Figure S22. (a) The I-V curve and (b) FE of H20. production using a traditional membrane
electrode assembly (MEA) cell with configuration of O2+H>O/BP2000//PEM//IrO2/0.1 M H2SOa.
The O2 + H20 mixture was supplied to the cathode and 0.1 M H2SOgs is used as the anolyte. The

measured potentials were manually 100% compensated.
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Figure S23. (a) The I-V curve and (b) FE of H20. production using MEA with configurations of
O2+H20/BP//PEM//1rO2/0.1 M H2S04-0.05 M Na2SO4. The Oz + H20 mixture was supplied to the
cathode and the mixed solution of 0.1 M H2SO4 + 0.05 M Na,SO4 was used as the anolyte. The
Na* ions in the anolyte are supposed to cross over the PEM and improve the H2O> selectivity
during the process. However, due to the high acidic property of Nafion-117, the local proton
concentration is still high and the proton dominates the ion transportation process (Fig. S23, S24).
The H20> selectivity remains at a low level at all potentials. The measured potentials were

manually 100% compensated.
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Figure S24. (a) The I-V curve and (b) FE of H202 production using MEA with configurations of
O2+H20/BP//PEM//1rO2/0.05M NazSO4. The O2+H20 mixture was supplied to the cathode, and
the solution of 0.05 M Na>SOa is used as the anolyte. The measured potentials were manually 100%

compensated.
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Figure S25: (a) The schematic illustration of the SE electrochemical cell with double-PEM

configuration. (b, ¢) Photographs of the setup for producing H>O> using the SE cell.
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Figure S26. The I-V curve of the cell without SE in the middle channel. 0.03 M NazSO4 flows

into the middle channel. Without the ion-conductive SE, the catalytic process has high resistance,
giving high and unstable voltages during the constant current electrolysis.
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Figure S27. (a) The Na" cross-over ratio through the cathodic PEM in the SE cell by using 0.03
M NazS0y; in the middle chamber. (b) The correlation of the crossover of Na* with the production
rate of H20.. The concentration and concentration ratio in Fig. S27b are based on the mass

concentration of H.O, and Na* tested from ICP.



Supplementary Note 2:

Similar to flow cell, the alkali metal cation in the middle chamber is important for selectively
producing H20- at high current density. At a negative potential, the cations in the middle chamber
penetrate the PEM closest to the cathode side and move to the catalyst surface in the SE cell (the
absence of PEM at the cathode side will induce strong flooding during operation). To quantify the
cross over Na* toward H2O> production in our SE cell, the concentration of H.O, product and
crossover Na* from cathode side were analyzed as a function of the applied current. As shown in
Fig. S27, the Na* crossover ratio is first increased at 20 mA cm and then decreased along with
increasing current density, reaching 43% at 100 mA cm™. The trend is reversed with the
concentration ratio of H>O, to Na*. Moreover, the Na* crossover ratio is closely related to the
current densities applied in the cell. At a small current, the Na* penetrated is enough to maintain
the local catalytic environment with “neutral”, thus guaranteeing a high H>O- selectivity. However,
upon increasing the current density, the Na* crossover ratio decreases and protons might participate
in the process. We suppose that once the value decreases to ~ 50 %, the H>O- FE starts to decrease
because the low concentration of Na* is not enough to maintain the local environment for H20-

production and protons start to dominate near the electrode.
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Figure S28. (a) The 1-V curve of ORR in the SE cell with the double-PEM configuration by
flowing DI water and 0.03 M Na»SOs in the middle chamber. (b) The corresponding FE of
production of H2O> as a function of current densities. The presence of Na* cations in the middle
chamber improves the activity and selectivity of H.O> during the production process in the SE cell

with a double-PEM configuration. The measured potentials were manually 100% compensated.



100

80 45u.}_‘.m/a—:—mﬂ—ﬂ—wm—mm\m/

604 o
DI water
/ —o—H,0, at cathode
—o—H,0, at middle
—4—H,0, in total

FE (%)

40-
0.03 M Na,SO,

20

0 20 40 60 80 100 120 140 160
Time (h)

Figure S29. The effect of alkali metal cations toward the H>O> production stability in the double-
PEM SE cell. Without cations, the FE of H20. continuously declines to less than 10% within 6 h,
while the addition of 0.03 M NazSOs in the middle chamber improves the FE of H.O,. The FE of
H202 production with 0.03 M Na2SOs in the middle chamber is well maintained, suggesting a

continuous and stable generation of H>O> solutions.
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Figure S30. Time-dependent H20> concentration measured at a constant current density of 50 mA
cm (total current 200 mA) with 0.03 M NazSOx as electrolyte in the middle chamber of the SE
cell. The accumulated H202 concentration reaches a metric value of ~20,000 ppm after 17 h of
electrolysis in 50 mL when the product is continuously cycled through the system. The measured

potentials were manually 100% compensated.



Supplementary Table 1. Selected set-up for cathodic electrosynthesis of H,O, from oxygen. The

current densities are collected by eyeballing from the current-potential (I-V) curves. The current

densities in RRDE represent the disk current densities.

Nafion

. Efficiency
Electrocatalyst Electrolytes Testing Tools (H202%)@mA/cm? Ref
N-doped Carbon _ 7
Nanohorms 0.1M H,SO,4 RRDE 98 @ 0.7
F-doped Porous N 5 LR 8
Carbon 0.05 M H3S04 RRDE 97.5-83.0 @ 1-2.5
N-doped Mesoporous _ 0 R g
Carbon 0.5 M H;S04 RRDE 95-98% @ 0.3-1
Single atomic Pt-CuSx 0.1 M HCIO4 RRDE ~92-96 @ 0.1-2.8R 10
Pt/TiN 0.1 M HCIO4 RRDE ~90 @ <0.05R 1
Co-N-C 0.1 M HCIO4 RRDE >90% @ 1R 12
CoS; 0.05 M H3SO4 RRDE ~80% @ 0.7
13
0.05 M HzSO4 H-cell 706 @ 1.7
PtHg4/C 0.1 M HCIO4 RRDE 9%6 @3 14
Pd,Hgs/C 0.1 M HCIO4 RRDE 95 @ 0.7 15
Aug,Pds/C 0.1 M HCIO4 RRDE %@ 1.5 16
Carbon-coated Pt 1 M HCIO4 RRDE 41@1.8 o
Atomically Pt on 1 M HCIO, RRDE 9% @ 1.5 18
carbon
Hierarchically Porous H2S04+ Naz2SO04 (pH = 1) RRDE 95@0.8 .
Carbon _ Two compartment 85.2-91.2 @
H2S04+ Na2SO4 (pH = 1) F1-cell 0.1--0.3V
PdP; 0.1 M HCIO4 RRDE ~98.5 @ 3R
20
Water/attached with PEMFC ~78.8 @ 150
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