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S1 Examples of H2 colourimetric indicators

Table S1. Examples of colourimetric H2 indicators

Indicatora Colour 
changeb

Ro or 
iRc

Notes Ref

Measurement of dissolved H2

MB+Pt colloid B to C Ro All liquid indicator system; particles dispersed in 
solution.

1

Dyes + (Au-Pd ) 
Nano-particles 
(NPs)

Rz(B to P); 
Rf (P to C); 
MR (Y to 
C); BTB (B 
to Y);

iR, 
except 
Rf

All liquid indicator system; particles dispersed in 
solution.

2

Rz with Pt/C 
particles

Rz(B to P) iR All liquid indicator system; particles dispersed in 
solution.  Focus on the fluorescence of Rf produced 
by reduction of Rz by H2, rather than colour 
change.  Used to identify H2 level in ambient gas. 

3

Measurement of gaseous H2

Metals and metal oxides
Pd on PDMS Gry to W Ro Pd forms surface hydride upon exposure to H2.  4
MoO3 /Pd Gry to B iR MoO3/Pd vacuum deposited onto PTFE film) 

reduced to Mo(V) by H2 produced by Mg implants
5

WO3 /Pd Gry to B Ro WO3/Pd electrospray deposited onto Kapton tape; 
reduced to W(V) by H2 

6

PdO/TiO2 Gry to Blk iR PdO reduced to Pd by H2. Particles incorporated 
into silicone coated on polypropylene tape.

7

Pt/Mo-V2O5 Y to B iR Colour change due to reduction of V(V) to V(IV) by 
H2 gas.  Solgel of oxide deposited on indium tin 
oxide coated glass and sputtered with Pt. 

8
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Table S1.  Examples of colourimetric H2 indicators (cont’d)

a: Methylene blue (MB); Rz (resazurin); Rf (resorufin); MR (methyl red); BTB (bromothymol blue);DCIP 
(dichloroindophenol); TTZ (2,3,5-triphenyltetrazolium chloride); NTP (nitrotetrazolium blue chloride); 
WST (water soluble tetrazolium).

b: B (blue); C (colourless); Y (yellow); P (pink); Gry (grey); G (green); Blk (black);Pp (purple); W (white); 

c: Ro (colour change reversed when exposed to oxygen/air; iR (colour change not reversed when 
exposed to oxygen or air).

References

1. T. Seo, R. Kurokawa and B. Sato, A convenient method for determining the concentration 
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2, 1.

Indicatora Colour 
changeb

Ro or 
iRc

Notes Ref

Dyes
Rz +(Au-Pd) NPs 
in gel

B to P iR Indicator and catalyst dispersed in 
agarose/alginate hydrogel., for monitoring Mg 
implants.

9

Powder, 
supraparticles 
(SPs) of SiO2, 
Rz/Rf and H2O.

B to P to C iR, 
except 
Rf

Gas exposed to powder particles.  Water is 
essential as dried out particles don't change 
colour.

10

Powder, 
supraparticles 
(SPs) of SiO2, 
dyes and H2O.

Rz(B to P); 
Rf (P to C); 
MR (Y to 
C); MB (B 
to C);  TTZ 
(C to P)

Ro, 
except 
MR 
and 
TTZ

Gas exposed to powder particles.  Water is 
essential as dried out particles don't change 
colour.  Particles finally incorporated in a lacquer 
to show H2 pipe leaks.  No film stability results.

11

NTP/Ir complex 
catalyst

Y to Pp iR NTP/Ir complex dried on plasma -exposed 
polydimethylsiloxane (PDMS) sheet and then 
covered with another such sheet to create a tape.   
The tape works for ca. 14 days, after which it has 
lost water and stops working. 

12

Dye/ Wilkinson's 
(Rh) catalyst

MB (G to 
Y)

iR All liquid indicator system; particles dispersed in 
solution.  The catalyst mediates the hydrogenation 
of the dye. Although many dyes are tested the 
fastest is MB.  

13

WST 
dyes/Wilkinson's 
catalyst

C to Pp iR Liquid indicator/catalyst film separated from H2-
generating bacteria 

14
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S2 The bacteria 

Escherichia coli (E. coli) is a Gram-negative, rod-shaped, facultative anaerobe, i.e. it can 

respire aerobically in the presence of O2, but can switch to anaerobic respiration at low 

ambient levels of O2.1,2  Most E. coli strains are harmless and are found in gut flora where they 

produce vitamin K2 and inhibit pathogenic bacteria developing within the intestine.1  

However, some virulent strains of E. coli are responsible for causing a broad spectrum of 

illnesses and infections such as food poisoning, urinary tract infections, septicaemia, and 

neonatal meningitis.1

Under aerobic conditions in the growth medium used in this work, E. coli generates energy 

via,3

                                             Glucose (C6H12O6) + 6O2 → 6CO2 + 6H2O                                                           (S1)

In the absence of O2, E. coli undergoes mixed acid and butanediol fermentation to metabolise 

glucose to formate, acetate, lactate, succinate, ethanol, 2,3-butanediol, CO2 and H2.3  

Literature reports that for every 100 mol glucose fermented by E. coli, 75 mol H2 are 

produced.3

Klebsiella aerogenes (K. aerogenes) is a Gram-negative, rod-shape, facultative anaerobe.4  It 

is found in the human gastrointestinal tract, and is common opportunistic pathogen in 

hospitals, causing respiratory, circulatory, and urinary infections in immunocompromised 

hosts.4

Like E. coli, under aerobic conditions, it utilises glucose and O2 to produce CO2 and water via 

reaction (S1).  In the absence of O2 it also undergoes mixed acid and butanediol fermentation 

to metabolise glucose to formate, acetate, lactate, succinate, ethanol, 2,3-butanediol, CO2 

and H2.3  For every 100 mol glucose fermented by K. aerogenes, 35.4 mol H2 are produced.3

Enterobacter cloacae (E. cloacae) is a rod shaped, Gram-negative, facultative anaerobe.  It is 

an emerging pathogen which is found in clinical settings and can cause a variety of infections 

in immunocompromised patients, such as urinary and respiratory infections.5  Under aerobic 

conditions, it utilises glucose and O2 to produce CO2 and water via reaction (S1).  In the 

absence of O2 it also undergoes mixed acid and butanediol fermentation to metabolise 

glucose to formate, acetate, lactate, succinate, ethanol, 2,3-butanediol, CO2 and H2.3  

Clostridium bifermentans (C. bifermentans) is an obligate anaerobic, spore-forming, Gram-

positive bacterium.  C. bifermentans is found in moderate temperature conditions including 
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in soil, marine environments, polluted waters, and human bodies.6  While clinical cases are 

uncommon, it has been reported as an emerging pathogen that poses risk to health of 

humans as it can cause problems such as brain abscessus, inflammation of the uterus, 

infections of the joints and lymph nodes, and heart and lung conditions.  Like other 

Clostridium species, it is a known H2-producing bacteria and has been used to produce 

relatively larges amounts H2 from wastewater sludge via fermentation in the literature.7

As it is an obligate anaerobe, C. bifermentans does not use O2 to metabolise.  It has been 

documented in the literature as producing a wide range of metabolites via fermentation, for 

example acetic, butyric and formic acids, ethanol, butanol, acetone, and gaseous products 

such as CO2, H2, and N2.8

Pseudomonas putida (P. putida) is a Gram-negative, rod-shaped, saprophytic soil obligate 

aerobic bacterium9 and is not a H2 producer.  In the nutrient broth used in this work, P. putida 

assimilates glucose through a cycle formed by enzymes of the Entner-Doudoroff, Embden-

Meyerhof-Parnas and Pentose Phosphate pathways.3,10
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S3 Growth media

Table S2. Compositions of the different media used in this work 

Bacterium Classificatio
n

Growth 
medium

Composition (in 1 L water)

Nutrient broth 
(NB)

Prepared using a standard formulation.1

 10 g glucose 
 5 g casein yeast peptone 
 5 g sodium chloride

E. coli
K. aerogenes

P. putida

Facultative 
anaerobe

Obligate 
aerobe

Nutrient agar 10 g agar were added to the above 
nutrient broth.

Modified 
nutrient broth

Combination of a standard nutrient 
broth,1 with a modified version of a broth 
used for enhancing H2 production of the 
bacterium in the literature.2

 10 g glucose 
 5 g casein yeast peptone 
 5 g sodium choride
 0.2 g magnesium sulphate 
 2 g sodium bicarbonate

E. cloacae Facultative 
anaerobe

Modified 
nutrient agar

10 g agar were added to the above 
nutrient broth.

Thioglycollate 
broth (TGB)

29 g thioglycollate broth powder (USP 
alternative).3 
29 g thioglycollate broth powder 
contains:

 15 g pancreatic digest of casein
 5 g yeast extract 
 5.5 g dextrose 
 2.5 g sodium chloride
 0.5 g L-Cystine 
 0.5 g sodium thioglycollate 

C. 
bifermentan
s

Obligate 
anaerobe

Tryptic soy 
agar (TSA)

30 g tryptic soy broth powder4 and 10 g 
agar. 
30 g tryptic soy broth powder contains:

 17 g casein peptone (pancreatic)
 3 g soya peptone (papain digest.)
 5 g sodium chloride
 2.5 g D(+)-glucose monohydrate
 2.5 g dipotassium phosphate
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Various liquid growth media were used throughout this work, and the preparation of each 

followed a general method which involved dissolving the various reagents listed in Table S2, 

in a 1 L borosilicate glass reagent bottle containing 1 L water.  Once fully dissolved, each 

growth medium was sterilized by autoclave at 121°C for 15 mins and then stored in a fridge 

before use.  Each growth medium was prepared fresh every few days.  

To make the solid agar growth plate counting media for E. coli, K. aerogenes, E. cloacae, or P. 

putida, 10 g agar were added to 1 L of the liquid growth medium and, once dissolved, the 

solution was autoclaved at 121 °C for 15 min, and then allowed to cool to 52 °C in air.  The 

hot liquid agar was then poured into large 90 x 15 mm Petri dishes,5 and the plates allowed 

to cool to room temperature.  The final plates were refrigerated and used as required.  

In contrast to the above, the solid agar growth plate counting medium used with the obligate 

anaerobe C. bifermentans was a tryptic soy agar recommended by the retailer of the 

bacterium.6  This medium was prepared by adding 30 g tryptic soy broth powder and 10 g 

agar to a 1 L borosilicate glass reagent bottle containing 1 L water.  Once all the components 

had dissolved, the solution was autoclaved at 121 °C for 15 min, allowed to cool to 52 °C in 

air and then, poured into the 90 x 15 mm Petri dishes and allowed to cool to room 

temperature.  The final plates were refrigerated and used as required.  
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S4 Preparation of bacteria stock dispersions and determination of their 
concentration using the plate count method (PCM)

E. coli, K. aerogenes, E. cloacae, and P. putida

To produce a primary stock culture of the different bacteria listed above, a KWIK-STIK 

containing a pure population of either E. coli, K. aerogenes, E. cloacae, or P. putida was gently 

swabbed across the surface of the solid agar in a 90 x 15 mm Petri dish.1  The inoculated 

culture plate was immediately incubated at 30 °C overnight, after which there was visible 

growth of single colonies of bacteria; subsequently, the plate was wrapped in Parafilm® and 

refrigerated until needed.

The process of making an overnight stock of a liquid culture of E. coli, E. cloacae, K. aerogenes, 

or P. putida was as follows: a single colony of the bacterium was taken from the primary 

culture plate using a sterile inoculating loop and suspended in 10 mL of NB in a 15 mL Falcon® 

tube, which was then incubated overnight at 30 °C.  The bacterial liad, i.e., total viable count 

(TVC) of the resulting overnight culture, ca. 108 CFU/mL, was confirmed using the aerobic 

plate count method (PCM), as described below.2

Serial 1-in-10 dilutions of the overnight bacterial culture in NB were used to produce 

suspensions of initial inoculum concentrations of ca. 108-101 CFU/mL of the bacteria; these 

dilutions were prepared fresh on the day of use.  These serial diluted dispersions of the 

bacteria under test were then used as the 1 mL inocula in the H2 indicator-based  

microrespirometry work for measuring TVC. 

An aerobic version of the PCM was carried out for E. coli, E. cloacae, K. aerogenes, and P. 

putida bacteria.  This involved inoculating 3 agar plates with 0.1 mL of the assumed ‘ca. 103 

CFU/mL’ dilution, and another 3 agar plates inoculated with 0.01 mL of the same dilution, 

which were spread across the plate with an L-spreader; the plates were incubated at 30 °C 

overnight.  After this period, there was visible growth of single colonies of bacteria on each 

plate, which could then be counted, an average of the plate counts taken, and the results 

used to estimate the microbial load/TVC of the original overnight culture stock.1

C. bifermentans

To produce a primary stock culture, a KWIK-STIK containing a pure population of the obligate 

anaerobic bacteria C. bifermentans bacteria was gently swabbed across the surface of the 
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solid tryptic soy agar in a 90 x 15 mm Petri dish.1  The inoculated culture plate was 

immediately incubated at 37 °C for 48 hours under an anaerobic atmosphere; this was 

achieved by incubating the plates inside an anaerobic jar (Thermo Scientific™ Oxoid™ 

AnaeroJar™ 2.5L, Thermo Fisher Scientific, Massachusetts, USA), which was sealed with an 

anaerobic gas-generating sachet inside (Thermo Scientific™ Oxoid™ AnaeroGen™ 2.5L Sachet, 

Thermo Fisher Scientific, Massachusetts, USA).  After this period there was visible growth of 

single colonies of C. bifermentans bacteria; subsequently, the plate was wrapped in Parafilm® 

and refrigerated inside an anaerobic jar, containing an anaerobic gas-generating sachet, until 

required.  

The process of making a liquid stock culture of C. bifermentans was as follows: firstly, 

thioglycollate broth (USP alternative, Merck, Gillingham, UK), which contains the reducing 

agent sodium thioglycolate3 which removes any O2 in the broth, was prepared fresh on the 

day of use.  13 mL of this broth were poured while still hot, ca. 70 °C, into a 15 mL Falcon® 

tube, and the broth allowed to cool to room temperature inside the Falcon tube to minimise 

the O2 saturation of the broth.3  Then, a single colony of C. bifermentans was taken from the 

primary culture plate, using a sterile inoculating loop, and suspended in the cooled 

thioglycollate broth; the Falcon® tube was then incubated for 48 hours at 37 °C, in an 

anaerobic jar containing an anaerobic gas-generating sachet.  The loading of the resulting 

liquid stock solution, typically ca. 107 CFU/mL, was confirmed using a modified anaerobic 

version of the aerobic PCM,4 in which inoculated agar plates for use in the anaerobic PCM 

were incubated for 48 hours at 37 °C, under anaerobic conditions in an anaerobic jar, after 

which there was visible growth of single colonies of C. bifermentans bacteria, which were 

counted and the microbial load/TVC of the original liquid stock solution then calculated.
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S5 The H2 indicator: additional details

A TEM micrograph of the Pt colloid used to make the H2 indicator is illustrated in Fig. S1.

Fig. S1 TEM of the Pt colloid used to make the H2 indicator.

Fig. S2 illustrates a histogram plot of number of particles versus Pt particle size, , derived from 

the TEM images of the Pt colloid, such as illustrated in Fig. S1, from which an average Pt 

particle size of 2.2  0.5 nm was calculated. 

Fig. S2 Histogram plot of the number of particles (frequency) versus Pt particle size based on 
TEM images of the Pt colloid. 
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The inert supporting substrate used in the work was Tyvek which is a fibrous, highly gas-

permeable, inert, high-density polypropylene material,1 with a white colour that provided a 

strong contrast to the blue-coloured H2 indicator and so aided the high-definition 

photography of the indicator.

A photograph of the final (laminated) H2 indicator, before (blue) and after (colourless) 

exposure to H2 is illustrated in Fig. S3.  Once rendered colourless by exposure to H2, the 

original colour of the indicator returned only after exposure to air and not, for example, upon 

exposure to a non-oxidising gas, such as Ar.

Fig. S3 Photographs of the H2 indicator before (blue) and after (colourless) exposure to 100% 
H2.

The overall blue to colourless colour change observed for the H2 indicator upon exposure to 

H2, as illustrated above in Fig. S3 , can be summarised by the following reaction equation,

                                                                         Pt
                                           MB  +  H2    LMB                                                         (S2)
                                          Blue                                            colourless

In the absence of O2, LMB is a very stable species but, in its presence, it is readily oxidised 

back to MB, 

                                   LMB  +  +  0.5O2    MB  + H2O                                      (S3)

The structures of MB and LMB are given in Fig. S4.

Fig. S4. Structures of methylene blue(MB) and leuco-methylene blue (LMB)
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Evidence for the above reaction was obtained by coating the H2 indicator onto a quartz disc 

and recording its UV/Vis spectrum before and after exposure, the results of which are 

illustrated in Fig. S5.  Before exposure the blue-coloured H2 indicator film, exhibited an 

absorption spectrum typical of the monomer and dimer forms of MB, with absorption peaks 

at, 292, 607 and 665 nm.2,3  When bleached by exposure to H2, the UV/Vis spectrum of the 

colourless H2 indicator film was that of LMB, with a major peak at 262 nm.2,4 

Fig. S5  UV/Vis absorption spectra of the H2 indicator film on quartz before (blue line) and 
after (black line) exposure to H2.  
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S6 Digital colour analysis (DCA) and an A’ vs A study using H2 sensor

In digital colour analysis, DCA, the values of the red, green, and blue (RGB) components of the 

image are first determined using a simple programme (ImageJ)1,2 and, in the case of the H2 

indicator used here, the value for the indicator’s apparent absorbance, A’, is calculated via 

the following expression, 

                                                          A' = log{255/RGB(red)}                                                                  (S4)

where RGB(red) is the measured value of the red parameter in the RGB-analysed image of the 

sensor.1  Previous work with numerous colour-based indicators has demonstrated that in 

each case the indicator’s value of A’, as measured using photography/DCA, is directly 

proportional to its actual absorbance, A, as measured using UV-Vis spectrophotometry, at the 

wavelength of maximum absorbance.  To demonstrate this feature, the H2 indicator ink was 

coated onto a clear film of polyethylene terephthalate (PET), using K-bar #3.  PET was used in 

this one case, as it is clear and therefore allows the value of A’ and A to be measured at the 

same time.  Although, LDPE was used in the H2 indicator, its role is as a gas permeable 

membrane, GPM, and not as a support substrate, because it is very hydrophobic and, 

consequently, has a very low surface energy (29.3 mJ m-2),3 which causes the H2 ink to 

reticulate, and prevents the production of an even coating.  In contrast, PET is much less 

hydrophobic, as evidenced by its high surface energy, 72.4 mJ m-2,4 which allows the H2 

indicator ink to be coated onto its surface.   

To speed up the process of colour recovery the final dried H2-indicator ink on PET was NOT 

laminated and we refer to this indicator as a naked (non-laminated) H2 indicator.  Thus, the 

blue-coloured naked H2 indicator was placed in the inside wall of a 1 cm cuvette and the 

headspace flushed with 100% H2 gas, whereupon the sensor turned colourless.  The cuvette 

was then very loosely stoppered so that over the period of 1 h all the H2 leaked out, so that 

the headspace in the cuvette returned to that of just air and the H2 indicator returned to its 

original (no H2 present) blue colouration.  In this experiment, as the %H2 level in the 

headspace decreased, the digital photographic image of the naked H2 indicator film, and its 

corresponding UV-Vis spectrum, were recorded simultaneously as a function of time.  Fig. 

S6(a) illustrates some of the recorded digital images of the H2 indicator as a function of time, 

from which, using DCA and eqn (S4), the A' value associated with each photographic image 

was determined.  Fig. S6(b) illustrates the simultaneously measured UV-Vis absorbance 
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spectra of H2 indicator, from which absorbance, A, values, due to D-, measured at 665 nm 

were taken.  Fig. S6(c) shows the subsequent linear plot of A’ vs A which demonstrates that, 

in this work using a H2 indicator, A’ is proportional to A, and so proportional to the 

concentration of the oxidised form of the dye, i.e., proportional to [MB].  

Fig. S6 (a) Digital photographs of a laminated H2 indicator (the H2 indicator), initially saturated 
with 100% H2, and so bleached, then allowed to lose its H2 to ambient air over time, recorded, 
from left to right, every 30 min.  (b) Spectral changes recorded at the same time for naked H2 
indicator, during the same H2 – air exchange process experiment.  The spectra were recorded 
(from bottom to top) every 30 min after the initial bleaching by H2.  (c) Plot of apparent (DCA) 
absorbance, A’, vs real (spectrophotometric) absorbance, A, (at 665 nm) for the H2 indicator 
film.

For completeness, the same experiment as described above was conducted using a ‘naked’ 

H2 indicator, the results for which are illustrated below in Fig. S7.  As in Fig S6, the results for 

the ‘naked’ H2 indicator in Fig. S7 reveal a linear plot of A’ vs A which demonstrates that, in 

this work using a laminated H2 indicator, A’ is proportional to A, and so proportional to the 

concentration of the oxidised form of the dye, i.e., proportional to [MB].   
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Fig. S7 (a) Digital photographs of a ‘naked’ H2 indicator (not laminated), initially saturated 
with 100% H2, and so bleached, then allowed to lose its H2 to ambient air over time, recorded, 
from left to right, every 30 min.  (b) Spectral changes recorded at the same time for naked H2 
indicator, during the same H2 – air exchange process experiment.  The spectra were recorded 
(from bottom to top) every 30 min after the initial bleaching by H2.  (c) Plot of apparent (DCA) 
absorbance, A’, vs real (spectrophotometric) absorbance, A, (at 665 nm) for the H2 indicator 
film.

In addition, the same indicator response and recovery experiment as described in Fig. 1 for 

the laminated H2 indicator, was also carried out using a naked (no LDPE lamination layers) H2 

indicator, with the results illustrated in Fig. S8.  The 50% response time to 23.9% H2 and then 

23.9% O2 were 0.3 and 6.8 mins.  Figs. S8(c) and (d) also illustrate, respectively, the response 

and recovery A’ vs time profiles for the laminated H2 indicator, taken from Fig. 1(d), red points, 

for which values of 0.7 and 7.5 min were gleaned for the 50% response times to H2 and then 

O2. 
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Fig. S8 (a) photographs of the naked H2 indicator upon exposure to 23.9% H2 as a function of 
time, t.  (b) subsequent photographs of the naked indicator in an Ar atmosphere, upon 
exposure to 23.9% O2, as a function of t, (c) and (d) A’ vs time plots generated via DCA of the 
photographs in (a) and (b), respectively, black points.  Also illustrated in (c) and (d) are the 
respective response and recovery A’ vs time profiles for the laminated H2 indicator, taken 
from the first and last sections of Fig. 1(d), red points. 
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S7 Kinetic studies of the H2 indicator, test of stability in growth medium

Following on from the initial kinetics study of the response (to H2) and recovery (in O2) kinetics 

of the H2 indicator outlined in Section 3.1 of the main text, the same system was used to study 

these kinetics as a function of ambient %H2 and %O2.  As before the ‘reactor’, containing the 

indicator was a 1 cm cuvette (volume 4.18 mL) fitted with a rubber septum, and in all cases, 

before the different volumes of 100% H2, or 100% O2, were injected, the cell was sparged with 

Ar.  Note that, in the O2 kinetics study, as a precursor to the injection of O2, in order to get 

the MB in the H2 indicator in its reduced (LMB) form, the cell was first sparged for 1 min with 

100% H2, before being sparged with Ar.  The different volumes of 100% H2, or O2, injected 

into the cuvette containing only Ar and the indicator in its blue (oxidised/MB) form, or 

colourless (reduced/LMB) form, respectively, were: 0.25, 0.35, 0.50, 0.75 and 1.0 mL so that 

the ambient % gas levels produced were 6.0, 8.9, 12.0, 17.9 and 23.9%, respectively.  The 

results of this work in the form of the A’ vs t profiles for these different injection volumes of 

H2  and O2 are illustrated in Figs S9(a) and (b), respectively.  Each decay (or growth) A’ vs t 

profile yielded a value for t50, the time taken for the indicator to lose (or regain) half its colour, 

t50.  These values were used to generate the 1/t50, vs %gas straight line plots illustrated in Fig. 

S9(c) for H2 and O2.  The ratio of the gradients indicates that for the H2 indicator the kinetics 

of reaction (2) are ca. 6x’s bigger (faster) that of reaction (3).  
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Fig. S9 Photographs of the H2 indicator after injection of different volumes of 100% (a) H2 and, 
after flushing the cell with Ar, (b) O2 gas, in a sealed 1 cm cuvette (4.39 mL) containing the H2 
indicator The different injected gas volumes produced the following %gas levels, 6.0, 8.9, 
12.0, 17.9 and 23.9 % in the cell.  (c) The photographs in (a), coupled with DCA, were used 
generate the A’ vs t profiles illustrated in (c); the yellow (slowest), green, blue, red and pink 
(pasted) coloured decay curves were due to the presence of 6.0, 8.9, 12.0, 17.9 and 23.9 %H2, 
respectively.  Similarly, the photographs in (b), coupled with DCA, were used generate the A’ 
vs t profiles illustrated in (d); the yellow (slowest), green, blue, red and pink (pasted) coloured 
decay curves were due to the presence of 6.0, 8.9, 12.0, 17.9 and 23.9 %O2, respectively.  (d) 
Plot of 1/t50 vs % gas for injections of H2 (solid points; gradient = 0.039 min-1 %H2

-1) and O2 
(open circles; gradient = 0.0065 min-1 %O2

-1).  

In all this work, unless stated otherwise, the temperature of the H2 indicator was maintained 

at 37.0  0.2oC using a Heratherm incubator (Thermo Scientific, Massachusetts, USA).  

Careful control of the temperature is essential in microrespirometry since bacterial growth 

kinetics and the gas sensor sensitivity are temperature sensitive.  To demonstrate the 

temperature sensitivity of the H2 indicator, the same experiment as described in Fig. S9(a), 

was carried out at 18 oC, the results of which are illustrated in Fig. S10(a).  Different values of 

t50 were derived from the measured A’ vs t decay curves, illustrated in Fig. S10(a), for the 

different %H2 levels, and the subsequent plot of 1/t50 vs %H2 (at 18 oC) are illustrated in Fig. 

10(b), red data points, along with the 1/t50 vs %H2 (at 37 oC) data set from Fig. S9(e), black 

data points; the gradients of the lines of best fit to the two data sets were 0.013 and 0.039 
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min-1 %H2
-1, respectively.  An Arrhenius equation analysis of these two gradients indicates an 

activation energy of ca. 43 kJ mol-1, for reaction (2).  

Fig. S10 (a) A’ vs t profiles recorded at 18 oC, upon injection of different volumes of 100% H2 
gas, in a sealed 1 cm cuvette (4.39 mL) containing the H2 indicator and, initially, an ambient 
atmosphere of Ar.  The different injected gas volumes produced the following %gas levels, 
12.0, 17.9, 23.9 and 35.9%, %, and generated the blue (slowest), red, pink and black (fastest) 
coloured decay curves when H2 was injected.  (c) Plot of 1/t50 vs % gas for injections of H2 at 
18 oC (red points; gradient = 0.013 min-1 %H2

-1) and at 37 oC (black points; gradient = 0.039 
min-1 %H2

-1).  

Although not the primary focus of this paper it is also possible to use the H2 indicator to detect 

H2, by injecting the latter into a stream of air and monitoring the change in colour it produces 

in the indicator placed downstream.  A simple illustration of the setup is given in Fig. 11(a), 

which comprised a 14 mL glass ‘reactor’ through which air was flowed at 60 mL min-1, and 

into which different volumes of H2 could be injected, and downline from which was placed 

the naked H2 indicator (as it is slightly faster responding than the laminated indicator) which 

was photographed as a function of time.  The photographs recorded using the above system 

were used to produce a series of A’ vs t peaks of height which increased with increased 

volume of injected H2.  A typical example of the recorded photographs and associated A’ vs t 

peak for a 4 mL injection of H2 are illustrated in Figs. S11(b) and (c), respectively.  In this short 

study, the volumes of H2 injected, VH2, were varied from 4 to 1 mL and the resulting straight-

line plot of peak height change in A’, A’, versus VH2 is illustrated in Fig. S11(d).  The results of 

this very limited study show how the H2 indicator might be used to detect H2 quantitatively, 

but clearly more work is required to establish fully its performance and possible limitations 

as a quantitative method for measuring gaseous H2 levels in air.
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Fig. S11 (a) Schematic of the crude, gas flow system, using a naked H2 indicator, used for 
measuring injected volumes of H2, VH2. (b) typical set of photographs associated with the 
injection of 4 mL H2 into the system in (a), and (c) the variation in A’ as a function of time after 
injection, t, calculated using the photographs in (b) and DCA. (d) Plot of the change in peak 
height, A’, vs. VH2.  The broken line is that of best fit to the data, with a gradient and intercept 
of 0.098  0.005 mLH2

-1 and -0.046  0.014, respectively; and correlation coefficient = 0.9798.

To demonstrate the efficacy of the H2 indicator as a sensor for pure H2, the same experiment 

as used to generate the data in Fig. S9, was carried out using different levels of H2, with the 

H2 indicator’s being restored by exposure to air.  The resulting plot of A’ vs t is illustrated in 

Fig. S12(a), from which the subsequent straight-line plot of 1/t50 vs %H2, over the range 23.9 

– 0.04 %H2 was constructed and is illustrated in Fig. S12(b).  The correlation coefficient of the 

line of best fit to the data, r, was 0.9932, the gradient  standard deviation, m  , were 0.040 

 0.002 min-1 %H2
-1 and the limit of detection (3.3x/m) was 0.16 %H2.  
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Fig. S12.  (a) A’ vs t profiles recorded upon injection of different volumes of 100% H2 gas, as 
in Fig. S10, which produced the following different %H2 gas levels, 6.0, 8.9, 12.0, 17.9 and 23.9 
%, and generated, from left to right, the slowest to fastest decay curves, respectively; the 
insert plot in (a) is the recorded A’ vs t decay curve for 0.04 %H2.  (b) Subsequent reciprocal 
plot of the t50 data derived from the decay curves in (a) vs % H2 gas in cell.  

In another set of experiments the long-term stability of the H2 indicator in growth medium 

was tested.  Thus, the H2-indicator was placed inside a 15 mL Falcon tube to which 10 mL of 

nutrient broth (NB), containing 3.97 x 10-4 M sodium sulfite, were then added.  This solution 

represents the typical growth medium used in both the screening and TVC studies reported 

here.  The Falcon tube with indicator was then sealed and incubated at 37 °C  for 72 h and the 

H2 indicator photographed every 4 h.  The indicator stayed the same blue colour over the 

monitored period and the DCA of recorded photographs of the indicator were used to 

produce the plot of A’ vs incubation time, t, illustrated in Fig. S13, from which an average 

value of A’ = 0.56 ± 0.01, was calculated. 
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Fig. S13.  Plot of the apparent absorbance, A’, of a H2 indicator vs time when placed in 10 mL 
of nutrient broth containing 50 mg (3.97x10-4 M) of Na2SO3 and incubated at 37 oC for 72 h.  

The above results show that the H2 indicator is stable in the growth medium for at least 3 days 

at 37 oC. 
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S8 H2 evolution and bacterial growth kinetics

The continuous logistic equation is a popular, basic model used to describe bacterial growth 

kinetics.  It is based on the idea that the growth rate of a given population, introduced into a 

virgin environment, is proportional to the size of the population at any growth time, t, N(t), 

and the remaining material resources in the habitat.1  Thus,

                                                     dN(t)/dt = kN(t)[1- (N(t)/Nmax)]                                                      (S5)

where Nmax is the maximum number of bacteria the habitat can support and k is a 

proportionality constant that reflects how well the bacteria grows in the habitat.  An 

integrated form of eqn (S5) is,

                                                        N(u) = Nmax/[1 + A*exp(-u)]                                                          (S6)

where No is the initial population of the bacteria, and A* = (Nmax/No -1) and u (= kt), is a 

unitless measure of time.  In most of the work reported here, A* can be approximated to 

equal (Nmax/No) since the latter ratio is usually >> 1.

If we define a time point (the threshold time, TT), uTT, at which N has reached a defined 

fraction (1/x) of Nmax, where x > 1, then it can be shown that 

                                                             uTT  =  ln(A*/(x-1))                                                                                        (S7)

Given, eqn (S6) and A* = Nmax/No >>1, it also follows that,

                                                    ln(No) = ln(Nmax/(x-1)) - uTT                                                                                (S8)

which, very importantly, predicts a plot of ln(No) vs uTT will be a good straight line with a 

gradient = -1.  Note: every value of No will be paired with value of uTT, defined by eqn S8.  In 

practice this means if a measured incubation time, TT (units: h), is measured for different 

values of No, at which N = Nmax/x, then a plot of ln(No) vs TT will be a good straight line of 

gradient k.  

If we assume, at any time u, the rate of H2 evolution, rH2, is proportional to the concentration 

of bacteria, N(), then it follows that 

                                                         rH2 = a/[1 + A*.exp(-u)]                                                                    (S9)

where a = kHNmax, and kH is the rate constant associated with H2 production. The integrated 

form of eqn (S9) is

                                              [H2]u = a.ln[exp(u) + A*] – a.ln(A*)                                            (S10)

which predicts that at u =uTT, the concentration of H2 produced is fixed, and independent of 

No, since, 



29

                                                          [H2]uTT = a.ln(x/(x-1))                                                                       (S11)

This means, regardless of the initial inoculation concentration, No, the amount of H2 produced 

at the time point, TT (unitless), at which Nu = Nmax/x, will always be the same value and the 

smaller the fraction (i.e., the bigger the value x) the smaller the concentration of H2, [H2]uTT , 

as expected.  It seems reasonable to assume that during any H2 microrespirometry run, when 

the original blue colour of the H2 indicator is reduced by 50%, this is because it has been 

exposed to a certain (i.e. fixed) concentration of H2, [H2]50; the incubation time at which this 

colour change point occurs is t50 (units: h)  Eqn (S11) shows that if the [H2] is fixed, then so is 

x and eqn (S8) applies.  Thus, if the value of t50 is measured for a variety of initial inoculant 

concentrations, No, then a plot of log(No) vs t50, should be a straight line with a negative 

gradient, with a slope which reflects the growth kinetics of the bacteria.  Note it is NOT 

necessary to know the value of [H2]50, just as in O2 R-TVC it is not necessary to know the 

concentration of O2 when the lifetime of the O2 is midway between its initial and final values, 

it is simply necessary that a specific colour (say at 50% colour change point), or lifetime (say 

at 50% change in lifetime point), is always associated with a  fixed concentration of H2 , or O2, 

respectively  
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S9 The H2 microrespirometry method and H2 indicator reproducibility and 

affect of potential interfering species.  

To test the reproducibility of the H2 indicator and the microrespirometry method, ten H2 

indicators, made on different days, were used to monitor the H2 produced by a 1 mL 

inoculation of 104 CFU/mL E. coli in 9 mL of growth medium, as described above.  The results 

of this work, a superimposed, series of near-identical A’ vs t profiles, are illustrated below in 

Fig. S14(a), from which ten, very similar, values for t50 were determined, see Fig. S14(b), with 

an average value of 10.3  0.3 h.  The set of near identical, A’ vs t profiles illustrated in Fig. 

S14(a) and the low % standard deviation, 3%, in t50, indicates a high level of reproducibility, 

both in terms of the production of the H2 indicator and the micro-respirometry methodology 

employed.   

Fig.S14 Plot of A’ vs t profiles produced using 10 different H2 indicators, when used to monitor 
the H2 evolution vs incubation time profile produced when 9 mL of growth medium were 
inoculated with 1 mL of 104 CFU/mL E. coli.  The incubation temperature was 37oC.

As the H2 indicator is protected by the gas-permeable LDPE layers, the indicator is unaffected 

by any non-volatile potential interfering species generated as the bacteria metabolise.  

However, possible interfering gaseous, and volatile, water-soluble species, such as H2S, CO2, 

CH4, ethanol, acetic acid, formic acid and 1,2, butanediol, were tested, typically at a level of 1 

%.  In this work, the indicator was placed in water either saturated with 1% of the gaseous 

species under test, or containing 1% of the water-soluble species under test.  In each case, 

the indicator was left in the solution for 30 min before being then removed, washed 

thoroughly and then tested for response in a typical microrespirometry experiment in which 
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9 mL of growth medium were inoculated with 1 mL of 104 CFU/mL E. coli, all incubated at 37 
oC  A H2S level of 0.1% was used as this is the level is considered highly toxic for  The 

photographs recorded as a function of incubation time arising from this work are illustrated 

in Fig. S15(a) from which the A’ vs t profiles, associated with the different, potential 

interferants tested, that are illustrated in Fig. S15(b), were generated.  These results show 

that when exposed to 1%, or less, of each of the potential interferants tested, all but H2S do 

not change the response characteristics of the H2 indicator, which is perhaps not surprising 

given the nature of key reactions, (1) and (2).  The slowed response of the H2 indicator after 

exposure to 1% H2S for 30 min is not unexpected, given sulfides are generally recognised as 

Pt catalyst poisons.  Thus, although the H2 indicator would most likely to be able to detect H2 

generated by H2-generating bacteria, it could not be used to assess the TVC if a significant 

(1%) level of H2S was present.  Thus, when using H2 R to assess the TVC of a H2 producing 

bacterium, as in this work, the growth medium should not contain inorganic sulfur 

compounds (such as sulfate) nor sulfur-containing amino acids, such as cysteine.  Since H2S is 

a highly toxic gas, it is also not surprising that most reported H2-producing bacterial systems, 

avoid its production by using a renewable biomass with a high content of carbohydrate, such as 

glucose, as noted in the Introduction. 

Fig. S15 Each indicator was first exposed for 30 min to 1% of the named, potential interferent 
and then tested for response using a typical microrespirometry system, comprising 9 mL of 
growth medium, inoculated with 1 mL of 104 CFU/mL E. coli. (a) Photographs of the H2 
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indicator’s response to the H2 generated by the E. coli as a function of incubation time, t.  (b) 
A’ vs t profiles, associated with the different interferants tested, derived from the 
photographs in (a), using DCA.  

In addition, in the above, ‘before and after 3 days soaking’ experiment the H2 indicator’s 

response to the H2 generated in a typical H2 microrespirometry experiment was measured 

and found to be unchanged.  In this work, a 1 mL inoculum of 104 CFU/mL E. coli was added 

to 9 mL of growth medium, incubated at 37 oC and the indicator photographed as a function 

of incubation time; the two sets of photographs, for the H2 indicator before and after 3 days 

soaking at 37 oC, are illustrated in Figs S16(a) and (b), respectively.  These photographs were 

then analysed using DCA and yielded the two almost identical A’ vs t plots, as illustrated in 

Fig. S16(c).  The superimposable forms of these two A’ vs t plots demonstrates that the 

response characteristics of the H2 indicator are unchanged after soaking it in growth medium 

at 37 oC for 3 days.  

Fig. S16 Photographs of the H2 indicator as a function of incubation time, t, when placed in a 
10 mL of growth medium, containing 104 CFU/mL E. coli, (a) before and (b) after previously 
soaking the indicator for 3 day at 37 oC.  (c) A’ vs t plots, black and blue lines, generated via 
DCA analysis of the photographs in (a) and (b), respectively.   

The same, simple microrespirometry test system, in which 1 mL inoculum of 104 CFU/mL E. 

coli was added to 9 mL of growth medium, incubated at 37 oC and the indicator photographed 

as a function of incubation time, was also used to test the stability of the H2 indicator when 
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stored in a cool, dark place.  Although this is an on-going test, initial results show that the 

indicator’s response characteristics remain unchanged for at least 1 month, see Fig. S17.  

Fig. S17 Photographs of the H2 indicator as a function of incubation time, t, when placed in a 
10 mL of growth medium, containing 104 CFU/mL E. coli, (a) before and (b) after 1 month 
storage in a cool, dark place.  (c) A’ vs t plots, black and blue lines, generated via DCA analysis 
of the photographs in (a) and (b), respectively.   
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S10 H2 microrespirometry for measuring TVC for bacteria other than E. coli

K. aerogenes

Fig. S18. (a) Photographic images of the H2 indicator as a function of incubation time, t, in a 
typical set of H2 R-TVC runs, in which the 9 mL of growth medium were inoculated with a 1 
mL K. aerogenes sample with a bacterial load spanning the range (from left to right) 108 – 101 
CFU/mL.  (b) A’ vs t reverse ‘S’ shaped profiles calculated from the photos illustrated in (a) 
using DCA and eqn (4), for initial inocula of (from left to right): 108, 107, 106, 105, 104, 103, 102 
and 101 CFU/mL, respectively.  The broken horizontal red line highlights the half-way colour 
change value, which is used to identify the value of t50 associated with each reverse ‘S’ shape 
profile/log(No/(CFU/mL)) value.  (c) Subsequent straight line, calibration graph plot of 
log(No/(CFU/mL)) vs t50, derived from (b).  Incubation temperature: 37 oC.   
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E. cloacae

Fig. S19. (a) Photographic images of the H2 indicator as a function of incubation time, t, in a 
typical set of H2 R-TVC runs, in which the 9 mL of growth medium were inoculated with a 1 
mL E. cloacae sample with a bacterial load spanning the range (from left to right), 108 – 101 
CFU/mL.  (b) A’ vs t reverse ‘S’ shaped profiles calculated from the photos illustrated in (a) 
using DCA and eqn (4), for initial inocula of (from left to right): 108, 107, 106, 105, 104, 103, 102 
and 101 CFU/mL, respectively.  (c) Subsequent straight line, calibration graph plot of 
log(No/(CFU/mL)) vs t50, derived from (b).  Incubation temperature: 37 oC.   
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C. bifermentans

Fig. S20 (a) Photographic images of the H2 indicator as a function of incubation time, t, in a 
typical set of H2 R-TVC runs, in which the 9 mL of growth medium were inoculated with a 1 
mL C. bifermentans sample with a bacterial load spanning the range (from left to right), 107 – 
101 CFU/mL.  (b) A’ vs t reverse ‘S’ shaped profiles calculated from the photos illustrated in 
(a) using DCA and eqn (4), for initial inocula of (from left to right): 107, 106, 105, 104, 103, 102 
and 101 CFU/mL, respectively.  (c) Subsequent straight line, calibration graph plot of 
log(No/(CFU/mL)) vs t50, derived from (b).  Incubation temperature: 37 oC.   
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S11 Comparison of H2 and O2 microrespirometry of E. coli

As noted in the main script, under initial aerobic conditions, the evolution of H2 appears to 

occur after all the dissolved O2 has been consumed by the bacteria, when an inoculum of 104 

CFU/mL E. coli was used.  This would suggest that it is likely the O2 microrespirometry  vs t 

curves for a range of different inoculum concentrations of E. coli, would be occur at roughly 

the same time earlier (ca. 2 h) than the A’ vs t curves, illustrated in Fig. 4(b).  To demonstrate 

this, the  vs t curves generated using an O2 sensor under otherwise the same reaction 

conditions as those used in Fig. 4 were recorded and are illustrated in Fig. S21(a)

Fig. S21 (a) O2 indicator lifetime, , vs t profiles in a typical set of O2 R-TVC run, in which the 
9 mL of anaerobic growth medium were inoculated with a 1 mL E. coli sample with a bacterial 
load spanning the range (from left to right), 108, 107, 106, 105, 104, 103, 102 and 101 CFU/mL, 
respectively.  (b) Subsequent straight line, calibration graph plot of log(No/(CFU/mL)) vs t 
derived using data in (a), red points, and log(No/(CFU/mL)) vs t50, from Fig. 4(c), black points.  
Incubation temperature: 37 oC.   

From each of these profiles a value of tTT (the incubation time when  was halfway through 

its change) was determined and used to generate the subsequent straight-line plot of log(No) 

vs tTT illustrated in Fig. S21(b) (red points).  Also shown in this diagram is the straight-line plot 

of log(No) vs t50 results (black points) generated by the H2 indicator under the same 

experimental conditions.  These two straight line plots are approximately parallel, with a time 

gap of ca. 2 h, which supports the proposition that in this H2 evolving system at least H2 

evolution follows shortly after all the dissolved O2 has been consumed and the solution n 

rendered anaerobic.  


