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ASSESSING THE QUALITY OF GRAPHENE AS A WORKING ELECTRODE

In order to assess the quality of the graphene overlayer film as a working electrode (WE), we studied
the electrochemistry of the outer-sphere FcDM®* (FcDM = ferrocendimethanol) process using the
same dual-channel scanning electrochemical cell microscopy (SECCM) set up® 2 as for the proton
transmission measurements. As shown in Figure Sla, in this configuration, the potential (E.u) at the
graphene WE surface (directly connected to the electrometer, rather than floating, as in the main
text), was controlled through the applied potential (Eapp) Via: Esurf = —(Eapp + Ebias/2), as described in the
main text. The employed dual-channel probe had a tip radius (rip) of ca. 100 nm (Figure S1a, inset),
and during measurement, was equipped with Ag/AgCl quasi-reference counter electrodes (QRCEs)
and filled with an aqueous solution of 1.3 mM FcDM + 12.5 mM HCI.

Linear-sweep voltammograms (LSVs), obtained in the SECCM format on graphene and GC
WEs, shown in Figure Slc, are sigmoidal in shape, indicating (near-)steady-state behaviour,! with
mass-transport limiting currents (iim) of =3.2 pA. FEDMY* is an apparently ideal (Nernstian) process on
both materials, evidenced by: E1/; = E% = 0.15 V [where Ey/; is the potential where i = iim/2 and; E% is
the formal reversible potential, estimated by macroscopic cyclic voltammetry, not shown] and; | E3/s -
Eijs] = 57 mV (where Es3;4 and Ey are the potentials where i = 3:iim/4 and i = iym/4, respectively),
satifying Tomes criterion of reversibility.> Assuming an upper limit of detection of the heterogeneous
electron-transfer rate constant (k°) = 5-km = D/(2rup), Where kn is the mass-transfer coefficient
[=D/(10ryp) in the SECCM configuration] and D is the diffusion coefficient of FcDM (=8:107 cm? s7%); k°
>0.04 cm s~ on both graphene and GC.* This effectively demonstrates that the graphene prepared as
described herein is usable as a WE that supports facile electron-tunnelling, in agreement with previous

reports.®
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Figure S1. (a) Schematic of the SECCM set up employed to assess the quality of graphene as a working
electrode. The dual-channel nanopipet probe is filled with electrolyte solution (1.3 mM FcDM + 12.5
mM HCl) and equipped with identical Ag/AgCl QRCEs. During operation, Euiasis applied between the
QRCEs and the resulting igcis used as a feedback signal to detect meniscus-surface contact. A potential
of Espp was applied to one of the QRCEs to control the graphene WE potential (Esurt), where Egyrs = —
(Eapp + Evias/2) and the WE current (isuf) Was measured. Note that in this configuration, the Nafion
membrane simply serves as a support for the graphene WE and the underlying Pt electrode was
floating (i.e., it was neither biased nor electrically grounded). Inset is a scanning tunnelling electron
microscopy (STEM) image of the employed nanopipet tip. (b) Representative LSVs (voltammetric scan
rate, u = 0.2 V s7%) obtained from the FcDM®* process on graphene (black trace) and GC (red trace)
WE substrates in the SECCM configuration [shown in (a)]. These curves are the average of 10
independent measurements carried out at randomly selected spots across the respective WE surfaces.
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LOCAL PROTON CONDUCTION MECHANISMS

(@) intrinsic (through-plane) H* conduction

x 9raphene

500 nm
(b) defect-driven H* conduction

4 nm [ ] fluorocarbon backbone
[_] water channels

Figure S2. Scheme showing (a) intrinsic (through-plane) and (b) defect-driven proton (H*) conduction
mechanisms. Note the differing scales.
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MOVIE CAPTIONS

Movie S1. Spatially-resolved electrochemical (current-voltage, i—-E) movie (51 x 51 pixels over a 100 x
100 um? area, hopping distance = 2 um) obtained with the voltammetric (u=0.1V s™, 1 cycle) hopping
mode SECCM configuration (shown in the main text, Figure 1), visualizing local proton transmission
through a graphene|Nafion membrane. The micropipet probe (tip area = 1 um?) was equipped with
Ag/AgCl QRCEs and filled with 0.1 M HCI. Data extracted from Movie S1 were used to construct Figure
2a in the main text. The data presented are not interpolated.

Movie S2. Spatially-resolved electrochemical (i-E) movie (51 x 51 pixels over a 100 x 100 um? area,
hopping distance = 2 um) obtained with the voltammetric (u=0.2 Vs, 2 cycles) hopping mode SECCM
configuration (shown in the main text, Figure 1), visualizing local proton transmission through a
graphene|Nafion membrane. The micropipet probe (tip area = 1 pm?) was equipped with Ag/AgCl
QRCEs and filled with 0.1 M HCI. Data extracted from Movie S2 were used to construct Figure 3a in
the main text. The data presented are not interpolated.

Movie S3. Spatially-resolved electrochemical (current-time, i-t) movie (49 x 29 pixels over a 120 x 70
um? area, hopping distance = 2.5 um) obtained with the amperometric (pulse time = 10 seconds)
hopping mode SECCM configuration (shown in the main text, Figure 1), visualizing local proton
transmission through a “damaged area” of a graphene|Nafion membrane. The micropipet probe (tip
area =~ 2 um?) was equipped with Ag/AgCl QRCEs and filled with 0.1 M HCI. Data extracted from Movie
S3 were used to construct Figure 4a-i in the main text. The data presented are not interpolated.

Movie S4. Spatially-resolved electrochemical (i-t) movie (49 x 29 pixels over a 125 x 70 um? area,
hopping distance = 2.5 um) obtained with the amperometric (pulse time = 10 seconds) hopping mode
SECCM configuration (shown in the main text, Figure 1), visualizing local proton transmission through
a more pristine area of a graphene|Nafion membrane. The micropipet probe (tip area =~ 2 pm?) was
equipped with Ag/AgCl QRCEs and filled with 0.1 M HCIl. Data extracted from Movie S4 were used to
construct Figure 4a-ii in the main text. The data presented are not interpolated.
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TOPOGRAPHICAL MAPS

(a) SECCM: Electrochemistry (b) SECCM: Topography
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Figure S3. (a) Electrochemical activity (logi0|Q|) and (b) co-located topographical maps (measured
synchronously), collected over a 100 x 100 um? area of a graphene|Nafion membrane, using SECCM
in the voltammetric (u = 0.1 V s, 1 cycle, Eqs = -0.225 to 0.175 V vs. Ag/AgClarce) hopping mode
configuration (hopping distance = 2 um, 51 x 51 pixels). (c) Overlay of (a) on (b). Note that SI, Figure
S3a is reproduced from Figure 2a in the main text.
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Figure S4. (a) Electrochemical activity (logi0|Q|) and (b) co-located topographical maps (measured
synchronously), collected over a 100 x 100 um? area of a graphene|Nafion membrane, using SECCM
in the voltammetric (u = 0.2 V s, 2 cycles, Equt = -0.225 to 0.175 V vs. Ag/AgClarce) hopping mode
configuration (hopping distance = 2 um, 51 x 51 pixels). (c) Overlay of (a) on (b). Note that SI, Figure
S4a is reproduced from Figure 3a in the main text.

S8



OVERPOTENTIAL, CAPACITANCE AND RC TIME CONSTANT

Overpotential (n). The overpotential (n) is defined as:3

n=E—Eeq (51)
where Eqq is the equilibrium potential. The hydrogen evolution reaction (HER), i.e., H/H, process, by
definition, possesses an Eeq value of 0 V vs. RHE (reversible hydrogen electrode), which is related to
the SHE (standard hydrogen electrode) as follows:

Erug = Esye — 0.059 - pH (52)
As the HER is taking place at the Pt WE, the pH value here refers to that of the Nafion 211 membrane,

which is taken to be =-0.1 (Refs 6-8). In 0.1 M HCI, the Ag/AgCl QRCEs are poised at:
Eqree = E” = “-In[C17] ~ 0.281V vs. SHE (S3)

Thus, -0.5 V vs. Ag/AgClarce translates to =~0.2 V vs. RHEor n =0.2 V.

Double layer capacitance (Cy4). Cq arises from the charging of the electrical double layer at the
macroscopic Pt WE and therefore is not necessarily limited to the dimensions of meniscus-surface
contact. Indeed, a previous study has shown that in low-frequency AC measurements (i.e., on the ms
to s timescale), the nanopipet “senses” the capacitance of an electrode area that is orders-of-
magnitude larger than the dimensions of the probe tip itself.® Cy was estimated from the nonfaradaic
charging current measured by landing the SECCM probe directly on the Nafion, exposed at damaged
areas of the graphene|Nafion membrane; a representative cyclic voltammogram (CV) is shown in
Figure S5. From the nonfaradaic current ‘envelope’ (marked 2-ic in Figure S5), Cq can be estimated as
follows:

ic (54)
C = —
dl v

where v is voltammetric scan rate. From ic = 0.2 nAand v =0.1V s}, Cis estimated to be =2 nF. As a
rough estimate, if it is assumed that the Pt WE has a specific capacitance of 20 uF cm™ (typical for a

metal electrode in aqueous solution®), 2 nF corresponds to an electrode area of *10™* cm?. This means
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that the area of the Pt WE that contributes to Cq is ca. 4 orders-of-magnitude larger than that of the

area of meniscus contact (ca. 1 — 2 um?), consistent with the previous report described above.’

RC time constant (t). The RC time constant (1) is the product of the series resistance (Rseries) and double
layer capacitance (Cq). As described in detail in the main text, over an active proton transmission site,
Rseries = Rpore = 100 to 1000 MQ, giving rise to T values of 0.2 to 2 s. Assuming a simple RC series circuit,

for a potential-step experiment, the non-faradaic current (ins) decays exponentially with t as follows:

inf=—e"t/T 53)

R

Thus, int drops to 5% of its initial value at t = 31, meaning it can be effectively neglected at t > 6 s

(assuming t=25s).
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Figure S5. Representative CV (u=0.1V s™?, 1 cycle, Equf = -0.225 t0 0.175 V vs. Ag/AgClarce), obtained
in the SECCM format by landing the micropipet probe directly on the Nafion 211 film (exposed at a
damaged area of the graphene|Nafion membrane). This curve is the average of 10 independent
measurements. These data were collected with a dual-channel micropipet probe of tip area =1 pm?,
equipped with Ag/AgCl QRCEs and filled with 0.1 M HCI.
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EQUIVALENT CIRCUIT: ION TRANSPORT THROUGH A NANOPORE

Analogizing proton conduction through local transmission “sites” on the graphene | Nafion membranes
to ion transport through an atomically-thin, cylindrical nanopore,'®!! the equivalent circuit model' 13

schematized in Figure S6 was derived.
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Figure S6. Equivalent circuit representing local proton transmission through graphene|Nafion

membranes. The transmission site is analogized to a cylindrical nanopore (zoomed in on right) in the
graphene overlayer film. Rs, = tip resistance; R, = access resistance; Rg = geometric resistance; Rpore =
pore resistance; R« = charge-transfer resistance and; Cq = double layer capacitance. Note that Rpore =
Rat + Rg + Ran (shown on right). The subscripts t and n refer to the tip and Nafion sides of the graphene
film, respectively.

Beginning from the top of Figure S6, Ry, is the resistance of the micropipet tip, which is known to

depend on the inner cone angle (8) and tip radius (r) according to:

p p (S6)
R ~—b 4=
P 7 i tan B * 4r,

where p is the solution resistivity. In practice, Rip can be estimated from using Ohm’s law, by

measuring an current-voltage curve in the scanning ion conductance microscopy (SICM)
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configuration.’ Alternatively, when using a dual-channel probe, Ry, can be readily estimated as

follows:

E..:
Rtip ~ bias (57)

idc
where Eyiss is the bias voltage that is applied between the Ag/AgCl quasi-reference counter electrodes
(QRCEs) located in the two channels and igc is the ion conductance current that flows through the

meniscus located at the end of the probe.

R. is the access resistance, which refers to the resistance through solution from electrodes

(i.e., QRCE and WE) to pore aperture, and depends on the pore radius (assuming a circular pore of

radius, r,) as follows:1% !

L= (s8)
’ 4rp

P (59)
’ 4rp

Note that the subscripts t and n refer to the tip (i.e., 0.1 M HCl) and Nafion sides of the graphene film,

respectively. Rg is the geometric resistance, which is proportional to the length (L,) and inversely

proportional to the area (nrp?) of nanopore, as follows:'%

_ Polyp (S10)

R
2
Ty

g

Note that the subscript p signifies properties of the pore itself. Assuming p: = pn = pp = p (vide infra),

consolidating Egs. (S8) — (S10) gives the following (Figure S6):

where Ryore is the pore resistance. From Eq. (S11), pores with a high aspect ratio (i.e., r, < L,) give a
pore-dominated response (i.e., Rg > R,), whereas pores with a low aspect ratio (r, > L) give an access-
dominated response (i.e., Rg < Rp). Monolayer graphene is atomically thin, with L, estimated to be in

the =0.34 nm (i.e., van der Waals diameter of carbon atoms) to =1 nm range,’° taken to be 0.6 nm,
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herein.’® Thus, for atomic-scale proton transmission sites (r, = L), both Rg and R, contribute to overall

pore resistance (Rpore), Whereas for lower aspect ratio or nanoscale sites (rp, > L), Rpore = Ra.

Rt is the charge transfer resistance (or activation resistance), which scales inversely with the
heterogeneous electron-transfer rate constant associated with the Faradaic charge-transfer reaction
taking place at the Pt WE [e.g., oxygen reduction reaction (ORR), HER etc.]. R is in parallel with Cq,
which is the double layer capacitance, arising from the charging of the electrical double layer on the
macroscopic Pt WE.? Note that because the Ag/AgCl process is kinetically facile, and the potential of
the QRCE is fixed during measurement,® R.: and Cg on the Ag/AgCl QRCEs (not shown in Scheme 1)

can be neglected.?

In principle, the pore geometry (i.e., r,) can be estimated if Rpore is known, i.e., rearranging Eq.

(511) gives:

S12
7Tp+\/n2p2+16n-Rpore-p-Lp (512)
T =

P 41 " Rpore

In practice, Rpore can only be estimated simply from the series resistance (Rseries) Under conditions
where the contributions from Cy and Rc: are negligible (i.e., Rseries = Rtip + Rpore; S€€ Figure S6). By
applying a potential-step (e.g., main text, Figure 4) waveform, rather than a potential-sweep (e.g.,
main text, Figures 2 and 3), the capacitive contribution to the measured surface current (isuf) can be
effectively neglected after a time of 3t (i.e., where the double layer charging current drops to 5% of
its initial value3), which is >6 seconds, assuming T = 2 s (vide supra). R« can be effectively neglected
under conditions of facile electron-transfer, which can be readily achieved herein by only considering
the kinetically facile HER (rather than the kinetically sluggish ORR) at a strongly driving overpotential
(n). Indeed, it is the rapid electron-transfer kinetics of the H*/H, process at Pt electrodes that enables
them to be used in conventional electrochemical hydrogen pump cells to quantify (bulk) proton

transport in proton exchange membrane fuel cells.?”
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Thus, during a potential-step experiment at t > 6 s and a strong driving (over)potential of n =

0.2V (ca. -0.5 V vs. Ag/AgCl, calculation detailed above), Rseries reduces to:

n
Rseries i Rtip + Rpore ~ - (513)
Lsurf
and rearranging for Rpore:
n
Rpore ~ - - Rtip (814)
Lsurf

Thus, as discussed in the main text, Ryore can be readily estimated from isus and Ryip [Eq. (S7)], allowing

the pore geometry (rp) to be estimated.

As noted above, in the derivation of Eq. (S11), was assumed that p: = pn = pp = p. While the
bulk conductivities of 0.1 M HCI (0.04 S cm™, Ref 18) and Nafion (x0.02 — 0.06 S cm™?, Ref 19) are
comparable (i.e., p:=pn), the local conductivity of the latter is structure-dependent on the nanoscale
(e.g., see Figure S2) and the environment inside the pore (i.e., py) is also likely to be significantly
different to the surrounding solutions. Given this, along a number of other assumptions [e.g.,
assuming continuum ion transport and ignoring the effects of ion dehydration, interactions with
surface charge(s) within the pore and structural fluctuations (flexibility) in the membrane®?], the pore

geometries (rp) estimated in the main text from Eq. (512) should be taken cum grano salis.
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MACROSCOPIC AREAL CONDUCTIVITY OF GRAPHENE MEMBRANES

Table S1. Reported areal conductivity values of graphene membranes

G/A (S cm™) Preparation me:re(;d / =membrane Reference de:glt‘;v(a;:::c::f:.,t—zy
0.003 Exfoliated graphene / ~um? 20 0.005
0.004 CVD graphene / =pm? 21 0.007
=0.09 CVD graphene-on-Nafion / ~cm? 22 =0.2
=0.6 H, plasma-treated graphene / ~um? 21 =1
=1 Disordered graphene / =pm? 23 =2
=1 CVD graphene-on-Nafion / ~cm? 24 =2
=30 CVD graphene-on-Nafion / ~cm? 25 =50

tdefects um™ = areal conductivity (S cm™) - 170-10° (Q - defect) / 10® (cm? pm™2)
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ELECTRON MICROSCOPY IMAGES OF SECCM PROBES

(a) Main text, Figure 2 — 4

400 nm
(b) Main text, Figure 5

100 nm

(c) SI, Figure S1

200 nm

Figure S7. Representative electron microscopy images of the pipet probes used in (a) main text,
Figures 2 — 4; (b) main text, Figure 5 and; (c) SI, Figure S1. (a) was taken in scanning electron
microscopy (SEM) mode, and (b)/(c) were taken in scanning transmission electron microscopy (STEM)
mode on a GeminiSEM 500 system.
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XPS CHARACTERIZATION OF GRAPHENE | NAFION MEMBRANES
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Figure S8. X-ray photoelectron spectroscopy (XPS) spectra obtained from Nafion [(a) survey and (b)
C1s] and graphene|Nafion [(c) survey and (d) C1s] membranes.

Table S2. Atomic composition of Nafion and graphene|Nafion membranes, quantified by XPS.

atomic %
element - -
Nafion graphene|Nafion
Fls 57.7 33
Cls 33.8 58
O1s 7.5 8
S2p 1 0.9
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