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As a promising hydrogen storage medium methanol has many advantages such as a high hydrogen content
(12.5 wt%) and low-cost. However, conventional methanol–water reforming methods usually require a high
temperature (>200  C). In this research, we successfully designed an eﬀective strategy to fully convert
methanol to hydrogen for at least 1900 min (32 h) at near-room temperature. The strategy involves
two main procedures, which are CH3OH / HCOOH / H2 and CH3OH / NADH / H2. HCOOH and
the reduced form of nicotinamide adenine dinucleotide (NADH) are simultaneously produced through
the dehydrogenation of methanol by the cooperation of alcohol dehydrogenase (ADH) and aldehyde
dehydrogenase (ALDH). Subsequently, HCOOH is converted to H2 by a new iridium polymer complex
catalyst and an enzyme mimic is used to convert NADH to H2 and nicotinamide adenine dinucleotide
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(NAD+). NAD+ can then be reconverted to NADH by repeating the dehydrogenation of methanol. This
strategy and the catalysts invented in this research can also be applied to hydrogen production from
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other small organic molecules (e.g. ethanol) or biomass (e.g. glucose), and thus will have a high impact

rsc.li/chemical-science

on hydrogen storage and applications.

1. Introduction
Methanol is a promising hydrogen source because of its
advantages of a high hydrogen content (12.5 wt%), low-cost and
availability from biomass and chemical methods.1–6 However,
hydrogen production through the conventional methanol–
water reforming reaction (reaction (1))7–9 usually requires a high
temperature (>200  C)10 and produces high concentrations of
CO.11–13 Trace CO (as low as 100 ppm) can poison the Pt catalyst
in proton exchange membrane fuel cells (PEMFCs). This makes
it diﬃcult to use conventional reforming method in portable
applications such as hydrogen vehicles.
CH3OH + H2O / 3H2 +

CO2 DrGQ
m

¼ 9.0 kJ mol

1

(1)

The whole reforming reaction can be divided into three main
steps of simple reactions, labelled as reactions (2)–(4).7–9,14,15 Of
the three, reaction (2), the rst step in methanol
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dehydrogenation, is the most diﬃcult because it is an up-hill
reaction (DrGQ
m > 0). The following steps of formaldehyde and
formic acid dehydrogenations in reactions (3) and (4) are much
easier because they are down-hill reactions (DrGQ
m < 0). The uphill reaction (2) causes diﬃculty for the overall methanol–water
reforming reaction even though the following steps can be
catalyzed with a high reaction rate at low temperature.16–20
1
CH3OH / HCHO + H2 DrGQ
m ¼ 63.7 kJ mol

(2)

1
HCHO + H2O / HCOOH + H2 DrGQ
(3)
m ¼ 21.7 kJ mol
1
HCOOH / CO2 + H2 DrGQ
m ¼ 33.0 kJ mol

(4)

To produce hydrogen from methanol at a low temperature
(<100  C), researchers recently invented some highly active and
selective complex catalysts to catalyze methanol–water reforming at a low temperature (<100  C) and produce high quality H2
with only a trace of, or even completely without CO.21–23 With
this method, alkaline reagents as consumptive additives were
usually added to the reaction system to achieve a high
activity.9,21,24–27 However, the acidic gas CO2 from methanol
reforming is able to neutralize the alkaline solution. Moreover,
the reaction temperature was relatively high (70  C).
In order to allow the reforming process to occur at lower
temperatures, an enzyme (oxidase) was used to partially oxidize
methanol to formaldehyde using oxygen (also a consumptive
additive) and then the formaldehyde was reformed with water to
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generate hydrogen and CO2 using ruthenium complexes (reaction (5)).28
1
CH3OH + (1/2)O2 / 2H2 + CO2 DrGQ
(5)
m ¼ 228.1 kJ mol

This process demonstrates an eﬀective way to produce
hydrogen from methanol at room temperature and under mild
conditions. However, this method needs oxygen, which creates
two serious disadvantages: low eﬃciency and danger. As shown
in reaction (5), 1 methanol molecule in this reaction can only
produce 2 hydrogen molecules but not 3 as in reaction (1). In
addition, the mixture of oxygen and the produced hydrogen is
very dangerous for mass production.
Until recently, it has still been a very challenging task to fully
convert methanol to hydrogen at near-room temperature.
However, in this research, we have successfully designed
a strategy to overcome this challenge (Scheme 1a). With this
strategy, dehydrogenases are used to dehydrogenate methanol
to HCOOH, and the hydrogen from methanol is deposited in
the reduced form of nicotinamide adenine dinucleotide
(NADH). Then, hydrogen is generated from the decomposition
of HCOOH and the dehydrogenation of NADH.

2.

Results and discussion

2.1. General strategy and detailed reaction system
It is well known that the methanol dehydrogenation process is
extremely diﬃcult to accomplish by chemical methods at room
temperature.24,28,29 However, formic acid dehydrogenation
(reaction (4)) can be eﬀectively catalyzed by many homogeneous
and heterogeneous catalysts at near-room temperature.17,30–37
Therefore, hydrogen production from methanol would become
much easier if methanol could be rst converted to formic acid.
Inspired by these ideas, we developed a general strategy to
fully dehydrogenate methanol to hydrogen at near-room
temperature. Scheme 1a shows that the strategy’s reaction
system comprises two main procedures, which are CH3OH /
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HCOOH / H2 and CH3OH / NADH / H2. In the rst
procedure (CH3OH / HCOOH / H2), methanol is rst dehydrogenated to formic acid by enzymes and then the formic acid
is decomposed to hydrogen by catalyst-1. In the second procedure (CH3OH / NADH / H2), NADH is generated from the
dehydrogenation of methanol and then NADH is converted to
hydrogen by catalyst-2. With this strategy, methanol can be fully
converted to hydrogen.
ADH

CH3 OH þ NADþ ! NADH þ HCHO þ Hþ
ALDH

HCHO þ H2 O þ NADþ ! NADH þ HCOOH þ Hþ
catalyst - 1

HCOOH ! H2 þ CO2
enzyme mimic

NADH þ Hþ ! NADþ þ H2

(6)
(7)
(8)
(9)

Details of the reaction system’s procedures (CH3OH /
HCOOH / H2 and CH3OH / NADH / H2) are shown in
Scheme 1b. In the rst procedure, formic acid is generated from
methanol by the cooperation of two dehydrogenation enzymes,
alcohol dehydrogenase (ADH) in reaction (6) and aldehyde
dehydrogenase (ALDH) in reaction (7). Then an iridium (Ir)
complex catalyst decomposes the formic acid to hydrogen (reaction (8)). In the second procedure, NADH is generated from
nicotinamide adenine dinucleotide (NAD+) by the dehydrogenation of both methanol and formaldehyde (reactions (6) and (7);
see Scheme 1b), and then is dehydrogenated to hydrogen by an
enzyme mimic (reaction (9)). Scheme 1b also shows that NADH
and NAD+ start to cycle in the reaction system, which enables the
system to work continuously. Thus, because the enzymes, the
enzyme mimics, and the catalyst are all able to work at near-room
temperature, the whole reaction system can produce hydrogen at
near-room temperature. This near-room temperature strategy for
generating hydrogen is not limited to methanol. It is also a suitable method for other organic molecules or biomass.

Scheme 1 General strategy (a) and detailed reaction system (b) for the generation of H2 from methanol at near-room temperature. Black arrows
indicate the ﬁrst procedure (CH3OH / HCOOH / H2). Red arrows indicate the second procedure (CH3OH / NADH / H2).
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As shown in Scheme 1b and reactions (6)–(9), these two main
procedures are composed of 4 simple reaction steps: methanol
dehydrogenation by ADH; formaldehyde dehydrogenation by
ALDH; formic acid decomposition by the Ir complex; and NADH
dehydrogenation by the enzyme mimics. The literature shows
only a few reports for each of the steps; the entire reaction
system with all four steps included has not as yet been reported.
To make the whole reaction system work smoothly, the right
species, such as enzymes, enzyme mimics, catalysts and so on,
should be sought or synthesized. These species should work
together without any obvious negative eﬀect on each other.

2.2. The four reaction steps of the reaction system
For the rst step, reaction (6), we chose ADH to perform the
methanol dehydrogenation to convert methanol to formaldehyde.38 In the meantime, NAD+ is converted to NADH by the
hydrogen deposited from methanol (Fig. S8a†). By using ADH,
the most diﬃcult reaction step in methanol reforming, i.e.
methanol dehydrogenation, is successfully overcome. No
oxygen is needed to partially oxidize methanol to
formaldehyde.28
For the second step, reaction (7), we chose ALDH to perform
the formaldehyde dehydrogenation to convert formaldehyde to
formic acid.38 By using a catalyst the formic acid product is very
easily decomposed to hydrogen at near-room temperature.13,15,25,26,39,40 In the meantime, NAD+ is converted to NADH
by the hydrogen deposited from formaldehyde (Fig. S8b†). An
important benet of using ADH and ALDH is that they have no
negative eﬀect on each other (Fig. S8b†).
For the third step, reaction (8), we synthesized a new polymer
complex catalyst Cp*IrCl2(ppy) (Cp* is 1,2,3,4,5-pentamethylcyclopentadienyl and ppy is polypyrrole), which has high
activity and selectivity (the level of CO is undetectable and is <<
10 ppm), to catalyze the decomposition of formic acid to
hydrogen and CO2 at near-room temperature (Fig. S9–13†). As
a solid state complex catalyst, this new catalyst Cp*IrCl2(ppy)
has advantages possessed by both homogeneous and heterogeneous catalysts (Fig. S10–12†).10,11,13,15,25,26,41 In addition, the
new catalyst has a uniquely high tolerance to the enzymes,
coenzymes and sulydryl compounds (Fig. S13a†). It also has
been conrmed that [Cp*IrCl(phen)]Cl has no side eﬀects on
ADH and ALDH (Fig. S13b†).
For the fourth step, reaction (9), we synthesized some
complex catalysts to mimic the function of hydrogenase for
NADH dehydrogenation to hydrogen.42–44 The enzyme mimics
can not only directly produce H2 from NADH (reaction (9)), but
can also convert NADH back to NAD+ (Fig. S14a†) at the same
time.45–50 The NADH and NAD+ can then attain a cyclic reaction
in the reaction system (Scheme 1b). Based on the current body
of enzyme mimic research,45–52 ours appears to be the rst
research to employ enzyme mimics for hydrogen production
from small organic molecules (methanol).
To nd highly active and compatible enzyme mimics, we
synthesized a series of Ir- and Rh-complex catalysts (SI-3†).
These enzyme mimics can catalyze the conversion of NADH to
NAD+ and simultaneously generate H2 (Fig. S14a†). Compared
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with hydrogenase, these enzyme mimics have much higher
availability and stability.42,43 As listed in Table 1, the enzyme
mimics are all catalytically active for reaction (9). Of note,
however, is that only [Cp*IrCl(phen)]Cl and [Cp*IrCl(phenNH2)]Cl proved workable in the reaction mixture solution of
enzymes, coenzymes and sulydryl compounds (Table 1 and
Fig. S14b†). [Cp*IrCl(phen)]Cl is also notable for having the
highest compatibility (Fig. S14b†), which is due to its specic
ligands with simple structures and without extra functional
groups.
2.3. Hydrogen generation from methanol at near-room
temperature
When we mixed the enzymes, coenzymes, catalysts and chemicals together, the four steps in the whole reaction system
worked immediately and smoothly. Hydrogen was successfully
produced from methanol at near-room temperature under
moderate conditions and was detected by GC (Fig. 1a). This
successful hydrogen production further proves the high
compatibility of the species in the entire reaction system. In this
process, extra amount of catalyst-1, Cp*IrCl2(ppy), and an
enzyme mimic, [Cp*IrCl(phen)]Cl, are used to ensure the
immediate conversion of HCOOH and NADH to hydrogen.
Fig. 1b shows that the hydrogen production has a stable rate
(300 mmol h1 kU(ALDH)1) for approximately 1900 min (32 h),
indicating that the reaction system in Scheme 1b has a long
lifetime for producing hydrogen from methanol.
The activities of ADH, ALDH, catalyst-1 and catalyst-2 are
calculated and listed in Table 2. We can see that the TOF of
ALDH is 1120 h1, which is much higher than that of ADH,
catalyst-1 and catalyst-2. Because the cost of ALDH is high, we
added much higher concentrations of ADH, catalyst-1 and
catalyst-2 to the reaction solution. ALDH can then work at
a relatively high reaction rate and the whole reaction system can
work smoothly.
According to Scheme 1, every component in the reaction
system is necessary to ensure continuous hydrogen generation.
To investigate the functions of the main components and be
sure that each was necessary, we performed a series of control
experiments. In these experiments, we studied the hydrogen
generation in the absence of each main component in turn.
As shown in Fig. 1c, no hydrogen was detected in the absence
of ADH (Fig. 1c, black curve), indicating that methanol dehydrogenation is the most important step for hydrogen

Table 1 Activities and compatibilities of hydrogenase mimics for
hydrogen production from NADH

Entry

Catalyst-2

TOF (h1)

Compatibility

1
2
3
4
5
6
7

[Cp*IrCl(phen-NO2)]Cl
[Cp*IrCl(phen-NH2)]Cl
[Cp*RhCl(phen-NO2)]Cl
[Cp*RhCl(bpym)]Cl
[Cp*IrCl(phen)]Cl
[{Ir(Cp*)(Cl)}2(bpym)]Cl2
[Cp*IrCl(bpym)]Cl

6.29
3.63
3.06
3.03
2.39
2.39
0.33

No
High
No
No
High
No
No
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H2 generation from methanol at 30  C. (a) Hydrogen measurement by gas chromatography (GC). (b) Hydrogen generation from methanol
for about 1900 min at pH 8.05. The H2 generation rate is 300 mmol h1 kU(ALDH)1 (refer to part 2.4 for the deﬁnition of kU(ALDH)). (c) H2 generation
from methanol in the absence of one component. Basic conditions for the reaction solution with all components: 5.0 mL phosphate buﬀer (pH ¼
8.05) containing 400 mM CH3OH, 4 mg catalyst-1 (Cp*IrCl2(ppy)), 500 mM catalyst-2 ([Cp*IrCl(phen)]Cl), 1 mM NAD+, 0.5 U ALDH and 30 U ADH
in an N2 atmosphere.
Fig. 1

generation. Scheme 1 shows that methanol dehydrogenation by
ADH is the rst step of all the reactions. If methanol cannot be
converted to formaldehyde and NADH by ADH, it is impossible
for the following reaction steps to occur (Scheme 1). This means
that the whole reaction system will fail to generate any hydrogen
in the absence of ADH (Fig. 1c, black curve).
With ALDH absent, no hydrogen was generated in the initial
350 minutes (Fig. 1c, orange curve). Aer 350 minutes, trace
hydrogen could be detected by GC and its concentration
increased slowly with time (Fig. 1c, orange curve). Aer 500
minutes, the hydrogen concentration stopped increasing.
Scheme 1 shows that HCOOH cannot be generated from HCHO
and HCHO accumulates in the solution due to the absence of
ALDH. The hydrogen from HCOOH cannot be accessed; it can
only be generated from NADH, which is produced by methanol
dehydrogenation. As soon as the HCHO reaches an equilibrium
concentration, the whole reaction system stops working,
causing the hydrogen concentration to stop increasing (Fig. 1c,
orange curve).
When catalyst-1 was missing, no hydrogen was generated in
the initial 200 minutes (Fig. 1c, grey curve). Aer 200 minutes,
the hydrogen concentration increased slowly with time (Fig. 1c,
grey curve). Scheme 1 shows that in the absence of catalyst-1,
hydrogen is only generated through NADH. Compared to the
solution lacking ALDH (Fig. 1c, orange curve), more NADH was
generated through this process, and consequently more
hydrogen was generated (Fig. 1c, grey curve).

Table 2

In the absence of catalyst-2, the amount of hydrogen
increased with time from the start of the process, but stopped
increasing aer about 400 minutes (Fig. 1c, blue curve). Scheme
1 shows that in the absence of catalyst-2, hydrogen is only
generated through formic acid dehydrogenation. NADH accumulates in the reaction solution, and because the NADH cannot
be converted back to NAD+ fast enough, the formic acid
formation rate decreases. Consequently, the hydrogen generation rate decreases with time (Fig. 1c, blue curve). As soon as the
NADH and NAD+ reach equilibrium concentrations, the methanol and formaldehyde dehydrogenation stop, and consequently, hydrogen generation stops.
2.4. The eﬀect of pH on the hydrogen generation rate
To investigate the eﬀect of pH on the reaction, we produced
hydrogen from methanol at diﬀerent pH values. Fig. 2a shows
the hydrogen production and generation rate during methanol–
water reforming at pH values from 7.00 to 8.25. At each pH,
hydrogen production linearly increases with time, however, the
slopes of the curves for the various pH values are very diﬀerent,
indicating diﬀerent hydrogen generation rates. Fig. 2b shows
that the optimal pH is 7.90, at which the hydrogen generation
rate reaches a maximum value of 672 mmol h1 kU(ALDH)1,
indicating that 672 mmol hydrogen could be generated per hour
per kilo of active unit (kU) of ALDH. One unit (U) is dened as
the amount of the enzyme that catalyzes the conversion of 1
mmol of substrate per minute. For example, one unit of ADH can

TOF and concentrations under diﬀerent conditions

Figure

TOF/concentration

ADH

ALDH

Catalyst-1 (Cp*IrCl2(ppy))

Catalyst-2 ([Cp*IrCl(phen)]Cl)

Fig. 1b
Fig. 1b
Fig. 2b
Fig. 2b
Fig. 2c–f
Fig. 2c–f

TOF (h1)
Concentration
TOF at pH ¼ 7.90 (h1)
Concentration at pH ¼ 7.90
Maximum TOF (h1)
Concentration at maximum TOF

270
1.11  107 M
605
1.11  107 M
220
8.91  108 M

1120
2.67  108 M
2510
2.67  108 M
947
3.37  107 M

0.17
0.8 mg mL1
0.38
0.8 mg mL1
310
0.5 mg mL1

0.06
5  104 M
0.14
5  104 M
9.61
2  105 M

This journal is © The Royal Society of Chemistry 2017

Chem. Sci., 2017, 8, 7498–7504 | 7501

View Article Online

Open Access Article. Published on 20 September 2017. Downloaded on 15/12/2017 14:21:16.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Chemical Science

Fig. 2 Eﬀect of pH on H2 generation from methanol. (a) H2 generation
at diﬀerent pH values. Conditions: 5.0 mL phosphate buﬀer containing
400 mM CH3OH, 500 mM [Cp*IrCl(phen)]Cl, 1 mM NAD+, 4 mg
Cp*IrCl2(ppy), 0.5 U ALDH and 30 U ADH at 30  C. kU is used for ALDH.
(b) H2 generation rate at the diﬀerent pH values in (a). (c) The pH
dependent activity of ADH for CH3OH dehydrogenation. kU is for ADH.
(d) The pH dependent activity of ALDH for HCHO dehydrogenation. kU
is for ALDH. (e) The pH dependent activity of catalyst-1 (Cp*IrCl2(ppy))
for HCOOH dehydrogenation. (f) The pH dependent activity of the
enzyme mimic ([Cp*IrCl(phen)]Cl) for NADH dehydrogenation. Refer
to SI-4 for the detailed conditions.†

convert 1.0 mmol of ethanol to acetaldehyde per min at pH 8.8 at
25  C; one unit of ALDH can oxidize 1.0 mmol of acetaldehyde to
acetic acid per min at pH 8.0 at 25  C in the presence of NAD+.
The optimal pH is due to the diﬀerent eﬀects the pH on the
activity of the enzymes, catalysts and enzyme mimics. Fig. 2c
and d show that the activities of ADH and ALDH increase with
the increase of the pH of the solution, which is in accordance
with the ADH information provided by Sigma-Aldrich Co. LLC.
Fig. 2e and f show that the activities of catalyst-1 (Cp*IrCl2(ppy))
and catalyst-2 (enzyme mimic [Cp*IrCl(phen)]Cl) increase with
decreasing pH, which is consistent with results in the literature.47 Therefore, the activity of ADH and ALDH compete with
that of catalyst-1 and catalyst-2 when the pH increases, until an
optimum pH of 7.90 is obtained. To reduce the negative eﬀect of
the low activities of catalyst-1 and catalyst-2 at high pH values,
we used larger amounts of catalyst-1 and catalyst-2 to
compensate for their lower activity. Since catalyst-1 and catalyst2 are synthesized articially, they have the advantages of higher
stability and lower cost in comparison with enzymes.
Table 2 shows that the maximum activities of catalyst-1 and
catalyst-2 in Fig. 2e and f are much higher than that in Fig. 2b.
For example, the maximum activity of catalyst-1 in Fig. 2e is 310
h1, which is much higher than 0.38 h1 in Fig. 2b. This is
because the working conditions, such as the reactant concentration and pH value, are better in the experiments shown in
Fig. 2e and f than in those shown in Fig. 2b. However, Table 2
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shows that the activities of ADH and ALDH in Fig. 2c and d are
much lower than those in Fig. 2b. For example, the maximum
activity of ADH in Fig. 2c is 220 h1, which is much lower than
605 h1 in Fig. 2b. This is mainly due to the low concentration
of NAD+ in the experiments shown in Fig. 2c and d compared to
that in the experiments shown in Fig. 2b. In addition, due to the
synergistic eﬀect of ADH, ALDH, catalyst-1 and catalyst-2, the
enzymes (ADH and ALDH) can exhibit higher activities in the
mixture solution. The synergistic eﬀect is mainly due to the
immediate removal of HCHO by cooperation of the four catalysts, since we found that a high concentration of HCHO is
poisonous to both ADH and ALDH. Fig. S8† shows that the
initial reaction rate for the reaction solution with both ADH and
ALDH is higher than that with only ADH or ALDH.
Therefore, the reaction rate of the whole reaction system has
a high potential for improvement if ADH and ALDH have higher
activities. In the current work, the hydrogen generation rate is
mainly limited by the low activities of ADH and ALDH because
the ADH and ALDH used are the commercially available ones
from Sigma-Aldrich that have not yet been optimized. In future
work, the hydrogen generation rate may increase through
enzyme engineering to improve the activities of ADH and ALDH
specically for methanol and formaldehyde dehydrogenation,
respectively.

3.

Conclusions

In summary, we successfully designed a strategy to fully convert
methanol to hydrogen at near-room temperature without any
assistance from extra energy or consumptive additives. The
strategy involves two procedures, which are CH3OH / HCOOH
/ H2 and CH3OH / NADH / H2. Importantly, this research
discovered an enzyme mimic, [Cp*IrCl(phen)]Cl, which can
continuously generate hydrogen from NADH at near-room
temperature and which is highly compatible with the
enzymes, coenzymes and enzyme inhibitors. This research also
reveals that the hydrogen generation rate can be strongly
aﬀected by the reaction pH. The lifetime measurement shows
that hydrogen can be continuously generated with a constant
production rate (300 mmol h1 kU(ALDH)1) for 1900 min (32 h).
The strategy and catalysts created in this research can also be
applied to hydrogen production from other small organic
molecules (e.g. ethanol and ethylene glycol) or biomass (e.g.
glucose, starch and cellulose).
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