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Details of LIG electrode geometries and sizes

a) 17 mm b)

14 mm

24 mm

Figure S1. Schematic of a) spiral and b) interdigitated LIG electrode geometries and sizes used

in this work.



Graphene Oxide synthesis and characterization

GO synthesis was performed in tandem with quality control, where spectroscopic and
morphological characterization techniques such as XPS, Raman, SEM and AFM were used, to
achieve the desired quality. The XPS analysis of the C1s peak spectra of GO (Figure S2 (a)) shows
evidence for the presence of hydroxyls (-OH) and epoxides (C-O-C), usually appeared in the main
structure of the matrix, as well as carboxyl groups (- COOH) detected at the edges [1]. The relative
atomic concentration O/C was calculated as 0.6 by using the area ratio of the peak O 1s and C 1s.
In addition, Figure S2 (b) shows a characteristic Raman spectrum of GO, which comprises several
frequency bands, each one assigned to a certain structural configuration [2]. The main Raman
peaks are the so-called G peak located at 1580 cm™! and assigned to the shear in-plane mode of the
graphite crystal, the D peak appearing at about 1360 cm™!, attributed to the presence of structural
defects of graphene lattice [3], and the 2D peak at 2680 cm™!, which is the second-order overtone
of the D peak. The intensity ratio of the D and G peaks was found to be equal to 0.97 + 0.01 and
can be correlated with the sp*/sp? ratio on the GO lattice [4]. Furthermore, for the analysis of the
morphological characteristics and the lateral size of the flakes, GO was characterized both by SEM
(Figure S2 (c)) and AFM (Figure S2 (d)). From the analysis, it was found that the thickness of the
flakes was appeared at ~1.2 nm, while the lateral size was below 2 pm and in most of the cases in
the range of a few hundreds of nm.

(a) XPS ; :(éjg;‘jj (

XPS Intensity (a.u.)

Raman Intensity (a.u.)S_

S

A
Mot e

ms 2@ =0 2 me 24 282 20 1020 1530 2040 2550 3060
Wavenumber (cm™)

Binding Energy E_/ eV

b .;q".-—- ¥

5.0 ym

Figure S2 Spectroscopic and morphological characterization of GO by (a) XPS, (b) Raman, (c)
SEM and (d) AFM.



Spiral LIG/GO humidity sensor stability measurements

Figure S3 shows the capacitance vs time stability measurements performed on four different class
of sensors fabricated by drop casting 150 pl of 0.33 mg/ml, 0.67 mg/ml, 1.33 mg/ml and 2 mg/ml

GO dispersions on spiral LIG electrodes. For each GO concentration, stability measurements were
carried out at 25, 50 and 75% RH over 30 min periods.
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Figure S3. Stability measurements at 25, 50 and 75% RH performed on LIG/GO sensors
containing (a) 0.33 mg/ml, (b) 0.67 mg/ml, (c) 1.33 mg/ml and (d) 2 mg/ml GO dispersions.



GO films characterization

Figure S4 shows thickness of GO films deposited on LIG spiral electrodes, measured by AFM and
ranging from ca. 60 nm for the lowest GO concentration (0.33 mg/ml) to 1.7 um for the highest

GO concentration (2 mg/ml).
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Figure S4. AFM thickness measurements of different GO sensing films obtained by drop casting
of 150 ul GO dispersions of different concentrations: (a) 0.33 mg/ml, (b) 0.67 mg/ml, (c) 1.33

mg/ml, and (d) 2 mg/ml..



Spiral LIG/GO humidity sensors Capacitance vs RH behaviour

Figure S5 shows different capacitance vs RH responses obtained for LIG/GO sensors fabricated
by drop deposition of 150 pl GO dispersions of various concentrations over LIG spiral electrodes.
The range of investigated frequencies was 20 -100,000 Hz.
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Figure SS. Capacitance vs RH at different frequencies for the LIG/GO sensors containing (a)
0.33 mg/ml, (b) 0.67 mg/ml, (c) 1.33 mg/ml and (d) 2 mg/ml GO active layers.



Table S1. Capacitance at 97% RH, Normalized Response and Sensitivity at the range of 0-97%
RH, , measured at 500 Hz.

[mg/ml] Capacitance N. Response Sensitivity

@ 97% RH 0 -97%) 0 -97%)

(pF) (%) x 10° (pF/%RH)
0.33 175x10° 1824 1800
0.67 346x10° 3430 3560
133 521x10° 3604 5370
2 1305x10° 11710 13460

Table S2. Response/recovery times for all fabricated sensors in the range 20 — 80% RH

Response time (s) Recovery time (s)
Relative humidity (%) 20 40 60 80 20 40 60 80
Spiral GOo.33 mg/ml 1 6 14 16 5 6 9 9
Spiral GOo.67 mg/ml 2 6 14 41 17 28 40 34
Spiral GO1.33 mg/ml 3 8 19 33 10 18 32 34
Spiral GO2.0 mg/ml 20 14 22 43 96 99 102 109
Interdigitated GOo.33 mg/mi 4 22 44 51 5 9 17 18

Table S3. Normalized sensitivity calculated for all fabricated sensors in the 20 — 1000 Hz

frequency range.

Sensitivity (pF/% RH)
Resonant frequency (Hz) 20 50 100 193 518 1000
Spiral GOo.33 mg/ml 9361 7709 5122 3385 1802 1177
Spiral GOo.67 mg/mi 30586 23596 11306 8213 4538 2361
Spiral GO1.33 mg/ml 54232 28884 18794 12208 6354 4077
Spiral GO2.0 mg/ml 118726 | 62494 40780 26657 14024 9093
Interdigitated GOo.33 mg/mi 17152 9668 6538 4401 2365 1528

It should be noted that from the values of Table S3 all the sensors showed higher sensitivity at 518
Hz compared to the values in Table S1 at 500 Hz. This happened because the values in Table S3
were extracted from the measurements of Figure 5, where each sensor remained for 10 min at each
RH level. On the other hand, the values in Table S1 came from the dynamic response
measurements (Fig 2c, 4a-c & 5a), where all the sensors remained 90s at each RH level. Therefore,
as these sensors showed a high response time in the gas flow system at 80%, they will show an

even higher response at 97 % using the saturated solutions, resulting in a larger capacity.



Interdigitated LIG/GO humidity sensors performance

Figure S6 shows the performance characteristics of LIG/GO sensors obtained by drop casting 150
ul of GO 0.33 mg/ml on LIG interdigitated electrodes. Specifically, Figure S6,a shows the
capacitance vs RH dependence measured between 20-100,000 Hz, Figure S6,b shows the

impedance plots obtained at various

RH

values

and Figure S6¢

shows repetitive

absorption/desorption curves recorded in the 20 — 80 % RH interval.
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Figure S6 Performance characteristics of the LIG/GO interdigitated electrodes humidity sensor
(a) Capacitance vs relative humidity for various frequencies, (b) Complex impedance plots at
varied RH levels and (c) Repetitive absorption and desorption curves for 0 - 20 %, 0 - 40 %, O -
60 % and 0 - 80 % RH. All the measurements were performed at 500 mV.



Comparison of performance with literature reported LIG/GO sensors

There are a few differences between our sensors and the sensors that are used by Zhu et al. [5],
which can be divided into two main categories depending on their effect on the capacity response
(and sensitivity). In the first category are included the parameters related to the fabrication process
and the analysis of measurements with a minor effect on capacitance response, such as (i) the laser,
(i1) the shape, and (iii) the range of the measurement. All of them can affect the sensitivity,
however, their effect does not justify the 5 times difference (1800 vs 9150 pF/% RH). The laser
can change the porosity of the electrodes, thus affecting the response time more than the sensitivity.
On the other hand, the shape of the electrodes in combination with the laser can cause changes in
the resistance of the electrodes. However, these modifications do not justify the recorded
difference. The main effect of the shape regards the total length of the electrodes and the gap size,
which are analysed below. As for the range of the measurement, our range is from 0 up to 97%
RH while Zhu et al. start from 11% up to 97% RH, our sensitivity in the same range can be
recalculated at 2030 pF/% RH.
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Figure S7, (a) and (b) the LIG sensors in our work and (c) general schematic representation of
the sensors used by Zhu et al. [5]

The second category includes differences with a major effect on the capacitance response that can
cause the sensitivity to reach high values (up to 5 times or even more). The differences are focused
on (i) the total sensing area, (ii) the area of the plates of the IDE capacitors, (iii) the amount of GO,
and (iv) the temperature of the measurements. Figure S7 presents the sensors used in both works,
while Table S4 summarizes all their geometric characteristics. In our case, the sensing area of
spiral and interdigitated sensors (Figure S7 a & b) are very close, 300 mm? and 210 mm?
respectively, while in the case of Zhu et al., it is estimated to be between 875 mm? (25%35 mm?)
and 600 mm? (20x30 mm?), assuming a frame of 2.5 mm around the electrodes. Thus, the
difference in the sensing area of the sensors is more than 2 times (600/300), approaching even 4.1
times (875/210). On the other hand, the difference in the areas of the plates of the capacitors (red
line on Figure S7 a & b) is greater, as summarized in Table S4. Assuming that the thickness of the
LIG electrodes in all cases is equal, we can compare the plate areas of the capacitors by comparing
their total length. In our case, the spiral sensor has a length of 111 mm, and the interdigitated 71
mm. In the paper of Zhu et al., the three different sensors were fabricated by changing the line
width of the electrodes to 2, 1, and 0.2 mm, while the total area of the sensor (sensing area) and
the gap size (0.2 mm) were kept constant.



By analysing the characteristic of those sensors, we can make a hypothesis about their total lengths.
First of all, we can calculate the number of “Lines” by the following ratio:

Sensor length + Gap size

N# of Li =
of Lines Line width + Gap size

Then, the total length is given by the equation:

Total length = (N# of Lines — 1) X [Sensor width — 2 X (Line width + Gap size)]
+ Sensor length

As shown in Table S4, the total length of the electrodes of the sensors fabricated with 2, 1, and 0.2
mm line width was 228, 455, and 1460 mm, respectively. Comparing their capacitance
performance using Fig. 4a on Zhu et al. paper, where it was used the same amount of GO for all
the sensors, we can see that the capacitance at 97% RH increased as the total length of the
electrodes increased. Namely, the capacitance of the sensor fabricated with a line width of 0.2 mm
was ~1.8x10% pF, and it was ~4.5 times higher compared to the 1 mm line width sensor (~4x10°
pF), and ~6.5 times higher compared to the 2 mm line width sensor (~2.7x10° pF), respectively,
which are close to the ratio of the total length of their electrodes.

Table S4. Summary of the geometric characteristics for all the sensors in both publications.

Sensor | Sensor | Line Gap N of Sensing | Total
Sensor length | width | width size lines area length
(mm) (mm) (mm) (mm) (mm?) | (mm)
Spiral (this work) 17.5 17 1.6 0.5 2 300 111
Interdigitated (this 15 14 ’ 02 6 210 71
work)
Zhu et al. 0.1 mm 30 20 0.1 0.2 76 600 1460
Zhu et al. 1 mm 30 20 1 0.2 25 600 455
Zhu et al. 2 mm 30 20 2 0.2 14 600 228

Therefore, considering these geometric parameters, a comparison with our sensors may show that
the lower capacitance response, and therefore the sensitivity, are partly related to the reduction of
the total length of the electrodes, which are 13.1 and 20.5 times lower for the spiral and
interdigitated sensors compared to the 0.2 mm line width sensor, respectively. In addition, the gap
size in the case of Zhu sensors was ~300 um lower compared to the spiral sensor, and as we know,
the ratio of the plate’s area to the distance of the plates (A/d) is proportional to the capacitance.

Another factor that enhances this behaviour is the amount of GO that was used for the fabrication
of the sensors. In our case, the sensor with the optimum sensing properties was prepared by using
150 pl of GO from a 0.33 mg/ml dispersion, thus the mass of GO was 50 pg. On the other hand,
the 0.2 mm line width sensor with the optimum sensing properties was fabricated by adding 0.1
ml of GO from a 2 mg/ml dispersion, therefore the mass of GO was four-times higher, at 200 pg.
As it was shown from both works, the increase in the amount of GO increases the capacitance
response, because more water molecules can be physiosorbed from the enhanced number of the
oxygen functional groups. Here it should also be noted that in the work of Lan et al. [6] the amount
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of GO was also higher, at 500 pg, while the sensitivity at the same frequency was more than 2
times lower. Table S5 presents a comparison based on the amount of GO used for the fabrication
of the sensors in both works with their capacitance response at 97% RH and sensitivity in the range
of 11-97% RH.

Table S5. Comparison of the amount of GO, capacitance response @ 97% RH, and sensitivity @
11-97%.

Spiral GO 0.2 mm line width
Sensor 0.33 0.67 1.33 dmg/ml | 0.1ml | 05ml | 1ml
mg/ml mg/ml mg/ml
Length/Gap 222 7300
Sensmgzarea 300 600
(mm”)
GO mass (1g) 50 100 200 300 200 1000 | 2000
C (nF) @ 97% 175 345 520 1305 800 1800 | 2100
S (pF/% RH)
@ 11-97% 2030 4010 6050 15180 9150 | 20930 | 24420
RH

Most of the above parameters are related to the characteristics of the sensors, showing a lot of
differences between the sensors of both works. In our case, we used 4 times lower amount of GO,
in >2 times smaller sensing area, and 32 times smaller Length/Gap ratio. Despite those, our sensor
achieves only 4.5 times lower capacitance response and sensitivity at the same range of RH, but at
a lower temperature. At the same time, our sensor showed 3 times shorter response time and a very
fast recovery time.

Table S6. Absolute humidity values at 22, and 27 °C for the tested RH levels

o AH (g/m®) | AH (g/m?)
RH®) " @2oec” | @27°C
0 0 0
7.5 1.45 1.93
11 2.13 2.83
23 4.46 591
33 6.39 8.48
43 8.33 11.05
54 10.27 13.87
67 12.98 17.21
75 14.53 19.27
84 16.27 21.58
97 18.79 24.92

However, as was mentioned in the text, the capacitance response and therefore sensitivity can be
affected also by other factors, which are not related to the sensor as a device, such as the resonant
frequency of the measurements and the temperature. In both publications, the resonant frequency
was the same (500 Hz). On the other hand, the temperature of the measurements in our case was
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at 22 °C, and in Zhu et al. work 27 °C. The difference of 5 °C seems to be small, however, from
the humidity point of view is not. As it was analysed in the text, the GO is absorbing water
molecules from the atmosphere because of its oxygen functional groups, thus changing the
capacitance of the sensor. The more water molecules in the atmosphere the more they will be
adsorbed from the GO and subsequently cause an exponential increase in the capacitance. Thus,
at 22 °C at 97% RH, there is 18.79 gr of water per m® of air, which is increased to 24.92 gr/m? at
27 °C [7-9]. Table S6 presents the absolute humidity values on all the tested relative humidity
levels on both temperatures and is calculated based on the Magnus formula [10].

a) | = Measurement data @ 22 °C A
1.2x10° F fitting g
—a— Fitted data @ 27 °C
E Model - %xpDezﬂ
& 9.0x10° | |5 s 1
o) a Tee T
O t -3.09418 +0.04157
C Reduced Chi-Sqr 10621;’2§f549
:‘g 60X105 - ijﬁl’zs:ﬁm 0.99963 -
[(&]
S A -
©
O 3.0x10° | / .
1.0x10" F .__»—H—HA—""/'A/A _
1 " 1 " 1 " 1 " 1 " 1
0 5 10 15 20 25
Absolute Humidity (g/m°)
i T T T T T T T T T T
b) —n— Measured data @ 22 °C v
1.2x10° - —v— Fitted data @27 °C 1
w
£ 9.0x10° F .
[0
O
[
S s.ox10°f i,
[&]
® | ]
o v
©
O 3.0x10° / .
L v ]
v /./
1.0x10" F '—'l—l—l='ﬁ|£./. .
1 " 1 " 1 " 1 " 1 " 1
0 20 40 60 80 100

Relative Humidity (%)

Figure S8. Capacitance response at 22 °C and the fitted values at 27 °C versus (a) Absolute
humidity and (b) Relative humidity

The value of capacitance at 22 °C can be used in order to calculate the response of the sensor at
27 °C. Figure S8a presents the fitting of the capacitance values versus absolute humidity at 22 °C,
while Figure S8b shows the capacitance response on all the tested RH levels for both temperatures.

12



The capacitance response of the sensor reaches the value of 1280000 pF at 97% RH at 27 °C,
which corresponds to a sensitivity of 13190 pf/% RH in the range of 0-97% RH or 14870 pf/% RH
in the range of 11-97% RH. Here, we must also note that the same fitting was used for the
calculation of RH in Figure 6 on the text, where it was performed the comparison of our sensor
with the commercial in one cooling and heating cycle.
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