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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 CH;OH — HCOOH — H, and CH3zOH — NADH — H,. 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 H, by a new iridium polymer complex
catalyst and an enzyme mimic is used to convert NADH to H, and nicotinamide adenine dinucleotide
(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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DOI: 10.1039/c75c01778b 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 dehydrogenation, is the most difficult because it is an up-hill

reaction (A,GS > 0). The following steps of formaldehyde and
Methanol is a promising hydrogen source because of its formic acid dehydrogenations in reactions (3) and (4) are much
advantages of a high hydrogen content (12.5 wt%), low-cost and ~ easier because they are down-hill reactions (A,Gp, < 0). The up-
availability from biomass and chemical methods."® However, hill reaction (2) causes difficulty for the overall methanol-water
hydrogen production through the conventional methanol- reforming reaction even though the following steps can be
water reforming reaction (reaction (1))” usually requires a high ~ catalyzed with a high reaction rate at low temperature.**
temperature (>200 °C)" and produces high concentrations of
CO."** 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.

CH;O0H — HCHO + H, A,GS = 63.7 kJ mol ™' (2)
HCHO + H,0 — HCOOH + H, A,GE = —21.7 kI mol™' (3)

HCOOH — CO, + H, A,Go = —33.0 kJ mol ™' (4)
CH;0H + Hx0 — 3H, + CO; AGR = 9.0 kI mol ™" (1) 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 reform-
ing at a low temperature (<100 °C) and produce high quality H,
with only a trace of, or even completely without CO.**** With
this method, alkaline reagents as consumptive additives were
usually added to the reaction system to achieve a high
activity.>*****” However, the acidic gas CO, from methanol

The whole reforming reaction can be divided into three main
steps of simple reactions, labelled as reactions (2)-(4).7*'**> Of
the three, reaction (2), the first step in methanol
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generate hydrogen and CO, using ruthenium complexes (reac-
tion (5)).%®

CH;0H + (1/2)0, — 2H, + CO, A,G2 = —228.1 kJ mol ! (5)

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.”**** However, formic acid dehydrogenation
(reaction (4)) can be effectively catalyzed by many homogeneous
and heterogeneous catalysts at near-room temperature.'’***
Therefore, hydrogen production from methanol would become
much easier if methanol could be first 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 CH;0H —

4 QGeneral strategy
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HCOOH — H, and CH;0H — NADH — H,. In the first
procedure (CH;OH — HCOOH — H,), methanol is first dehy-
drogenated to formic acid by enzymes and then the formic acid
is decomposed to hydrogen by catalyst-1. In the second proce-
dure (CH;OH — NADH — H,), 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.

CH;0H + NAD" 22! NADH + HCHO + H* (6)
HCHO + H,0 + NAD" 22 NADH + HCOOH + H*  (7)
HCOOH & [ H, + CO, (8)

NADH + H+ ™2™ ™ NAD' + H, (9)

Details of the reaction system’s procedures (CH;OH —
HCOOH — H, and CH;OH — NADH — H,) are shown in
Scheme 1b. In the first 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 (reac-
tion (8)). In the second procedure, NADH is generated from
nicotinamide adenine dinucleotide (NAD") by the dehydrogena-
tion 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 suit-
able method for other organic molecules or biomass.

Enzymes Catalyst-1
CH,0OH --- —% -» HCOOH Y H,
NADH Catalyst-2 T
b Detailed reaction system »
Alcohol Aldehyde Catalyst-1:
dehydrogenase dehydrogenase Cp*IrCly(ppy)
CH,0H ————% HCHO ——————» HCOOH —» 'H,

N

NAD* NADH NAD*

N

NADH

A AL O

=

SN~

N\
\j Catalyst-2

Scheme 1l Generalstrategy (a) and detailed reaction system (b) for the generation of H, from methanol at near-room temperature. Black arrows
indicate the first procedure (CH;OH — HCOOH — H,). Red arrows indicate the second procedure (CH;OH — NADH — H,).
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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 first step, reaction (6), we chose ADH to perform the
methanol dehydrogenation to convert methanol to formalde-
hyde.*® In the meantime, NAD" is converted to NADH by the
hydrogen deposited from methanol (Fig. S8at). By using ADH,
the most difficult reaction step in methanol reforming, ie.
methanol dehydrogenation, is successfully overcome. No
oxygen is needed to partially oxidize methanol to
formaldehyde.?®

For the second step, reaction (7), we chose ALDH to perform
the formaldehyde dehydrogenation to convert formaldehyde to
formic acid.*® By using a catalyst the formic acid product is very
easily decomposed to hydrogen at near-room tempera-
ture.1®1525:26:3940 T the meantime, NAD" is converted to NADH
by the hydrogen deposited from formaldehyde (Fig. S8bt). An
important benefit of using ADH and ALDH is that they have no
negative effect on each other (Fig. S8bt).

For the third step, reaction (8), we synthesized a new polymer
complex catalyst Cp*IrCly(ppy) (Cp* is 1,2,3,4,5-pentam-
ethylcyclopentadienyl 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 CO, at near-room temperature (Fig. S9-137). As
a solid state complex catalyst, this new catalyst Cp*IrCl,(ppy)
has advantages possessed by both homogeneous and hetero-
geneous catalysts (Fig. S10-127).101131323:2641 T addition, the
new catalyst has a uniquely high tolerance to the enzymes,
coenzymes and sulfhydryl compounds (Fig. S13at). It also has
been confirmed 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.**** The enzyme mimics
can not only directly produce H, from NADH (reaction (9)), but
can also convert NADH back to NAD" (Fig. S14at) at the same
time.**° 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,”>* ours appears to be the first
research to employ enzyme mimics for hydrogen production
from small organic molecules (methanol).

To find highly active and compatible enzyme mimics, we
synthesized a series of Ir- and Rh-complex catalysts (SI-37).
These enzyme mimics can catalyze the conversion of NADH to
NAD" and simultaneously generate H, (Fig. S14at). Compared
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with hydrogenase, these enzyme mimics have much higher
availability and stability.*»** 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(phen-
NH,)]Cl proved workable in the reaction mixture solution of
enzymes, coenzymes and sulfthydryl compounds (Table 1 and
Fig. S14bft). [Cp*IrCl(phen)]Cl is also notable for having the
highest compatibility (Fig. S14b¥), which is due to its specific
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 chem-
icals 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*IrCl,(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 pmol h™" kU ') 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 h™", 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. 1¢, no hydrogen was detected in the absence
of ADH (Fig. 1c, black curve), indicating that methanol dehy-
drogenation is the most important step for hydrogen

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

Entry Catalyst-2 TOF (h™1) Compatibility
1 [Cp*IrCl(phen-NO,)]Cl 6.29 No

2 [Cp*IrC](phen-NH,)]C1 3.63 High

3 [Cp*RhCl(phen-NO,)]CI 3.06 No

4 [Cp*RhCl(bpym)]Cl 3.03 No

5 [Cp*IrCl(phen)]Cl 2.39 High

6 [{1r(Cp*)(Cl)},(bpym)]Cl, 2.39 No

7 [Cp*IrCl(bpym)]Cl 0.33 No

This journal is © The Royal Society of Chemistry 2017
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Fig.1 H, 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 H, generation rate is 300 pmol h™* kU(ALDH)’l (refer to part 2.4 for the definition of kU pr)). (c) Hz generation
from methanol in the absence of one component. Basic conditions for the reaction solution with all components: 5.0 mL phosphate buffer (pH =
8.05) containing 400 mM CHzOH, 4 mg catalyst-1 (Cp*IrCly(ppy)), 500 uM catalyst-2 ([Cp*IrCl(phen)]Cl), 1 mM NAD™, 0.5 U ALDH and 30 U ADH

in an N, atmosphere.

generation. Scheme 1 shows that methanol dehydrogenation by
ADH is the first 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). After 350 minutes, trace
hydrogen could be detected by GC and its concentration
increased slowly with time (Fig. 1c, orange curve). After 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). After 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 TOF and concentrations under different conditions

In the absence of catalyst-2, the amount of hydrogen
increased with time from the start of the process, but stopped
increasing after 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 accu-
mulates 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 genera-
tion rate decreases with time (Fig. 1c, blue curve). As soon as the
NADH and NAD' reach equilibrium concentrations, the meth-
anol and formaldehyde dehydrogenation stop, and conse-
quently, 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 pmol h™' kUarpmy '
indicating that 672 umol hydrogen could be generated per hour
per kilo of active unit (kU) of ALDH. One unit (U) is defined as
the amount of the enzyme that catalyzes the conversion of 1
umol of substrate per minute. For example, one unit of ADH can

Figure TOF/concentration ADH ALDH Catalyst-1 (Cp*IrCly(ppy))  Catalyst-2 ([Cp*IrCl(phen)]Cl)
Fig. 1b TOF (h™) 270 1120 0.17 0.06

Fig. 1b Concentration 111 x10'M 267 x10°M  0.8mgmL ™’ 5x 10 *M

Fig. 2b TOF at pH = 7.90 (h™) 605 2510 0.38 0.14

Fig. 2b Concentration at pH = 7.90 111 x10’M 267 x10°M  0.8mgmL "’ 5x 10 *M

Fig. 2c-f  Maximum TOF (h™") 220 947 310 9.61

Fig. 2c-f  Concentration at maximum TOF  8.91 x 10°*M 337 x10’M 0.5 mgmL ' 2x107°M

This journal is © The Royal Society of Chemistry 2017
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Fig.2 Effect of pH on H; generation from methanol. (a) H, generation
at different pH values. Conditions: 5.0 mL phosphate buffer containing
400 mM CHsOH, 500 pM [Cp*IrCl(phen)lCl, 1 mM NAD*, 4 mg
Cp*IrCly(ppy), 0.5 U ALDH and 30 U ADH at 30 °C. kU is used for ALDH.
(b) H, generation rate at the different pH values in (a). (c) The pH
dependent activity of ADH for CHsOH 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*IrClx(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.t

convert 1.0 pmol of ethanol to acetaldehyde per min at pH 8.8 at
25 °C; one unit of ALDH can oxidize 1.0 pmol 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*IrCl,(ppy))
and catalyst-2 (enzyme mimic [Cp*IrCl(phen)]Cl) increase with
decreasing pH, which is consistent with results in the litera-
ture.”” 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 catalyst-
2 are synthesized artificially, 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
h™", which is much higher than 0.38 h™" in Fig. 2b. This is
because the working conditions, such as the reactant concen-
tration and pH value, are better in the experiments shown in
Fig. 2e and f than in those shown in Fig. 2b. However, Table 2

7502 | Chem. Sci., 2017, 8, 7498-7504
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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 h™*, which is much lower than
605 h™' 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 cata-
lysts, since we found that a high concentration of HCHO is
poisonous to both ADH and ALDH. Fig. S81 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
specifically 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 CH;OH — HCOOH
— H, and CH;0H — NADH — H,. 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 pmol h™" kU(arpi) ') 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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