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Experimental Section

Synthesis of geometry-asymmetric GOMs 

GO was synthesized by the modified of Hummers’ method1-3 through the acid oxidation of 

flake graphite. Then the GO dispersions (~3.5 mg ml-1) were drop cast on a cellulose ester 

membrane substrate (Whatman), followed by a thermal annealing process.4 The asymmetric 

ratio is defined as the ratio of the thick side and thin side (H/h). By controlling the volume 

and inclination of GO solution, a series of different geometry asymmetric ratio of the 

resulting membranes can be obtained with the thickness of h fixed to ~2 µm. 

Characterization 

The surface contact angle was measured using an OCA20 contact-angle system (Data Physics, 

Germany) at room temperature. The two ends of the geometrically asymmetric GOM were 

characterized by a scanning electronic microscop (SEM, Hitachi 4800). UV-vis 

spectrophotometer (UV-2600, SHIMADZU) was employed to measure the absorption 

spectrum of GO dispersion (0.33 mg ml-1). X-ray diffraction tests were conducted on an X-ray 

diffractometer (Rigaku D/max 2500PC). XPS characterizations (TF Scientific, ESCALAB 

250Xi) were used to determine the functional groups of GOMs.

Device fabrication

As schematically shown in Fig. 1e, the GO strip (L: 7 mm, W: 2 mm) was top sealed with a 

transparent polydimethylsiloxane (PDMS) elastomer in a two-compartment Teflon-structured 

electrochemical cell to avoid the solution leakage. Afterwards, the two ends of the sealed GO 

strip were trimmed off to connect with each solution reservoir. KCl aqueous solution was 

equally filled in each reservoir with concentration of 10 µM, otherwise specifically mentioned. 

A pair of Ag/AgCl electrodes was used to record the transmembrane ionic signals.

Electrical measurement 

Light illumination was applied by a xenon lamp (Perfectlight, CHF-500W). A transparent 

window was placed above the GOM to select the illumination position for local irradiation. 

Wavelengths centered at 405-, 450-, 475-, 520-, 550-, 600-, 650- and 700-nm were obtained 



by separately applying a series of optical filters in front of the light source. Photo-induced 

ionic current and voltage signals were recorded by a Keithley 2636B source meter (Keithley 

Instruments) without externally applied voltage. 

Cation transference number

In the presence of transmembrane concentration difference (thick side: thin side, 10/1 µM), 

agar-saturated potassium chloride salt bridges were used to eliminate the imbalanced redox 

potential on the electrode|electrolyte interface. Ag/AgCl electrodes were used to record the 

current-voltage response. The diffusion potentials (EDiff) were measured for a series of GOMs 

with geometry-asymmetric ratio from ~1 to ~4. The value of t+ can be calculated by5: 
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where R, T, z, F, , CH, and CL represent the gas constant, temperature, charge valent, 

Faraday constant, activity coefficient of ions, high and low ion concentrations, respectively. 

The extremely narrow channel width coupled with negative surface charge on GO sheets 

render the GOM cation-selective (t+>0.93, Fig. 1g).



S1. X-ray photoelectron spectroscopy (XPS) spectra of GOM

Fig. S1 XPS C-1s spectrum confirms the oxygen functional groups of GOM.



S2. The photo-responsiveness with different light intensity of a uniform GOM

Fig. S2 The photocurrent density is enhanced with increasing the light intensity. Light 

illumination (100 mWcm−2, 30 s duration) was applied on right 1/3 of the thickness uniform 

GOM. The photocurrent density was collected in 10 μM KCl. 



S3. Photo-response in a control thickness uniform GOM sample 

We also checked the photo-response of a uniform GO strip under full-area illumination as a 

control sample. In contrast to the geometry-asymmetric GOM, a relatively very weak photo-

response was found with the control membrane sample and the photo-induced ionic current is 

un-controllable in the uniform GOM (Fig. S3).

Fig. S3 Photo-response in a geometry-asymmetric GOM (asymmetric ratio: ~2) and a 

uniform control membrane sample. A very weak photo-response was found with the control 

sample. The photocurrent density was collected with light intensity of 100 mW cm-2 under 

full-area irradiation with illumination duration time of 30 s in 10 μM KCl. 



S4. The equilibrium time

Typical photocurrent density-time curves were shown in Fig. S5. We further quantify the 

response time of the photocurrent density trace by fitting the experimental data with an 

exponential function,6 

𝐽 = 𝐽0 + 𝐴 𝑒𝑥𝑝 (
‒ 𝑡
𝜏

)

where τ was the time constant, and  were fitting parameters. The time constants obtained 𝐽0 𝐴

on symmetric and asymmetric GOMs are similar. However, photocurrent density of the 

asymmetric GOM reaches a higher value than that of the uniform one in a fixed illumination 

time period, which is possibly related to more absorbed photons in the full-area irradiation. 

Fig. S4 (a) and (b), typical time traces of photocurrent density on symmetric and asymmetric 

(asymmetric ratio ~3.16) GOMs. The photocurrent density-time curves can be numerically 

fitted by an exponential function. The light intensity was 100 mW cm-2. The electrolyte 

concentration was 10 μM. 



S5. Photocurrent under KCl ionic solutions with different concentrations

The value of the photocurrent density can be further enhanced by over an order of magnitude 

by using high-concentration electrolyte solutions.

Fig. S5 Photocurrent density with respect to the electrolyte concentration. The light intensity 

was 100 mW cm-2. The asymmetric ratio of the GOM was 3.16.



S6. Carrier mobility of GOM 

We fabricated a GO-FET device to measure the carrier mobility (Fig. S4). The drain current 

increases with the gate voltage, indicating that electron-carriers are dominant in charge 

transport. The mobility (µ) was calculated as 

𝜇 =
𝐿

𝑊 × (
𝜀0𝜀𝑟

𝑑) × 𝑉𝑑𝑠

×
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where L, W, ε0, εr, d, Vds, Ids, Vg represent the channel length, channel width, absolute 

dielectric constant, relative permittivity of SiO2, thickness of SiO2, source-drain voltage, 

source-drain current, gate voltage. The reported carrier mobility in GO materials varies in a 

wide range (10-4-102 cm2 V-1 s-1).7-10 The estimated electron mobility μelectron in our prepared 

GO material is ~3.7 × 10-4 cm2 V-1 s-1 and a very small hole mobility is observed.

Einstein relation describes the transport of charge carriers in many areas including 

polycrystalline systems.11, 12 Without external voltage, the carrier diffusion coefficients (D) 

would dominate the carrier transport that can be correlated based on Einstein relation, 

μ=2eD/kBTe, where e and kB are carrier charge and Boltzmann constants, Te is carrier 

temperature.13 Therefore, there is a huge difference of diffusion rate between the holes and 

electrons in GOM.

Fig. S6 Transfer characteristics (Ids–VG) of GO-FET device (VDS = 3 V). L is 25 μm, W is 58 

μm and d is the thickness of SiO2 (300 nm). The diffusivity and mobility of holes are different 

with that of electrons for our GO samples.



S7. Anisotropic carrier transport consideration

The carrier transport in functionalized graphene-based materials occurs via variable-range 

hopping that involves consecutive inelastic tunneling processes between two localized 

states.14-16 At microscopic level or molecular level, charge carriers hopping between two GO 

plates can be categorized into three types (Fig. S7). The hopping rates of different types can 

be different. We also conducted several calculations with anisotropic diffusion rates in length 

(x) and thickness (z) direction. The degree of diffusion anisotropy is controlled by the 

diffusion rate in x and z directions. The results are summarized in Fig. S8, and indicate that 

diffusion anisotropy has minimal influence on photo-voltage generation in the macro-range. 

edge-edge hopping 
edge-surface hopping
surface-surface hopping

Fig. S7 Hopping pathways between two GO plates.

Fig. S8 Influence of anisotropic diffusion on photo-voltage. (a) Electric potential distribution 

for membrane with L=8 mm, h=2 µm, H =6 µm. The thickness and length are not to scale. (b) 

Electric potential along the dashed line x in panel (a). Dx is kept constant and is the same as in 

the main text.



S8. Potential gradient in the vertical direction

Fig. S9a replots the electric potential in H/h=1 membrane in a different color scale (0~50 μV) 

instead of the one in main text Fig. 4b. To better illustrate this, Fig. S9b and S9c plot the 

electric potential along the dashed line in Fig. S9a in x and z direction, respectively. In this 

membrane with uniform thickness, there is no electric potential change in the horizontal 

direction (x direction) except some negligible variations near boundaries. On the other hand, 

the potential change is about 50 μV in the vertical direction (z direction).

Fig. S9 (a) Electric potential distribution for membrane with L=8 mm, h=2 µm, H =2 

µm. The thickness and length are not to scale. (b) Electric potential along the dashed 

line x in panel (a). (c) Electric potential along the dashed line z in panel (a).



Table S1. Summarized asymmetry ratio (H/h) and Photocurrent density of a series of 

geometry-asymmetric GOMs. The light intensity is kept at 100 mW cm-2 under full-area 

irradiation with illumination duration time of 30 s in 10 μM KCl. 

Asymmetry ratio

 (H/h)
1.01 1.14 1.76 1.97 2.35 2.57 2.84 3.16 3.34 3.63

Photocurrent 

density

 (μA cm-2)

8.40 9.33 25.87 29.28 30.75 38.62 48.91 55.43 60.11 69.22



Table S2. Parameters used in the calculation

parameter value unit meaning

 10 1 relative dielectric constant
e 3.67×10-8 m2/(V·s) electron mobility
h 0 m2/(V·s) hole mobility
T 300 K temperature
c0 1.00×10-8 mol/m3 initial concentration
Zh 1 e hole charge
Ze -1 e electron charge
h0 5.2×1013 m3/(mol·s) recombinant coefficient
g 1.67×10-8 mol/(mW·s·m) generation coefficient
L0 2.74 µm light decay length
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